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(Heiser  2008);  it  was  then  introduced  in  Europe,  by  the  Spanish,  in  XVI  century  as 
ornamental plant. Sunflower oil became very popular in XVIII century, due to cultural aspects 
(use  in Orthodox  Lent as a  substitute of  fat) and a  comprehensive breeding program was 
initiated  by  Russians.  Discovery  of  cytoplasmic  male  sterility  (Leclerq  1969)  followed  by 
hybrid  development  allowed  a  rapid  increase  of  sunflower  acreage  all  around  the world. 
Grain production went  from 6,817,064  tonnes produced worldwide  in 1961  to 32,002,190 
tonnes in 2009 (FAOSTAT). Main production areas are U.E.27 (21% of worldwide production 
in 2009), Russia (20%), Ukraine (20%), Argentina (8%), and China (5%). This high increase in 
global  production  (4,7X)  responded  to  the  high  demand  in  the  food  industries  due  to 
important  changes  in  society  food habits.  In France,  sunflower  research and breeding has 
been  supported  by  INRA  (Institut National  de  Recherche Agronomique)  since  the  1960’s, 





Downy mildew  is  one  of  the major  diseases  for  sunflower  production.  The  causal 
agent  of  this  disease  is  Plasmopara  halstedii,  an  obligate  biotroph  oomycete  from  the 
Peronosporaceae family.  This disease is found in most parts of the world where the crop is 
cultivated  and where  a  coevolution  between H.  annuus  and  P.  halstedii  has  taken  place. 
Downy mildew  causes dwarfing plants and  infertile  capitulum which  reduces productivity. 




in  the  soil,  seed  treatment  like using  the only effective  systemic  chemical metalaxyl or  its 
derived molecules, and genetic solution  (Pl genes) were employed to counter this disease. 
Longer rotation was advised but since P. halstedii oospores can stay viable  in soil up to 10 




solution was until  the 1990’s  the most efficient  solution  in  field, with R‐genes  (Resistance 
genes)  conferring  complete  race‐specific  resistance  called  Pl  genes  were  used  widely. 
However,  since  1990, more  and more  isolates  bypassed  the  Pl  resistance  genes,  and  the 
durability of  sunflower hybrids  to downy mildew became  a big  concern  for breeding  and 
crop management.   
This  situation was  already  encountered  in  other  pathosystems  e.g.  Lettuce/downy 
mildew of lettuce (Moinard et al. 2006; Jeuken et al. 2002). Johnson (1981) defined durable 
resistance as a “…  resistance  that  remains effective while a cultivar possessing  it  is widely 
cultivated”. Based on observations on multiple crop cultivars, quantitative disease resistance 
(QDR)  was  advanced  as  a  potential  alternative  (Parlevliet  et  al  2002).  QDR  has  been 
described  as  host  plant  resistance  that  leads  to  a  reduction  in  disease,  rather  than  the 
absence of disease. QDR  is controlled by one or more QTLs  (Quantitative Trait Loci) called 
QRLs (Quantitative Resistance Loci). Poland and al. (2008) suggested that “whereas R‐genes 
can be  rapidly overcome as a  result of  strong  selection  for  compatible pathogen variants, 
resistance  breakdown  is  considered  to  be  less  of  a  problem with QRLs  because  of  their 










mediated  responses,  differences  in  the  speed  and  effectiveness  of  the  defense  response 
once  the pathogen has been detected and even  variable  sensitivity  to  suppression of  the 
defense  responses  by  effectors.  Even  unassociated  disease  resistance  genes  might  be 













are  the  characteristics  of  this QDR  (in  planta multiplication  of  the  pathogen,  plant  genes 
induced during QDR versus classical R‐gene mediated R)?   How a better knowledge on the 
pathogen partner, and especially its pathogenic determinants, can impact the understanding 












































the  pathogen  in  question  as  well  as  the  resistance  mechanisms  implicated.  This 
characterization  must  include  fine  description  of  life  cycle,  genetic  variability  of  the 
pathogen and  its structuration, based on genetic and genomic resources on the pathogen. 










(ex: Artemisia, Xanthium …)(EPPO/CABI 1997).  It was  first  reported  in  the Midwest of USA 
(Indiana, Iowa and Minnesota) early 1920s (Young and Morris 1927). Then it was discovered 
in  Europe  and  in  Russia  early  1960s  (Leppik  1962).  This  pathogen  is  enlisted  as  a 









as  one  based  on  their  morphological  similarities.  Both  fungi  and  oomycete  have  a 
filamentous vegetative mycelium), spore production as a mode of propagation and a similar 
subset  of weaponry  of  infection  (appressoria,  haustoria,  cell wall  degrading  enzymes….). 
However,  chitin  does  not  form  the  primary  component  of  cell  walls  in  oomycetes  but 
cellulose  does.  Furthermore,  hyphae  of  oomycete  are  nonseptate  and  diploid  in  their 
vegetative form. Finally, molecular evidence was advanced to relate oomycete to heterokont 
algae and thus oomycetes were classified under the stramenopiles (Hardham 2007).  
Most  important  plant  pathogens  are  from  Oomycota  phylum  like  Phytophthora  group, 
Pythium group, Albuginales group, Downy mildew group and Saprolegniaceae group. 60% of 
known  species  of  oomycete  are  plant  parasites. Diseases  caused  by  those  pathogens  are 
devastating  and  cause  severe  economical  losses.  For  example,  Phytophthora  infestans 
causes  the  late blight of potato and was  responsible  for 1840s European, 1845‐1952  Irish 
and 1846‐1857 Scottish Highland potato famines where more than one million people died 




rust  disease  on  a  variety  of  flowering  plants.  Downy  mildew  group  is  exclusively  from 
Peronosporaceae  family.  This  disease  is  particularly  important  for  cucurbits,  grape  and 
sunflower. Saprolegniaceae group includes especially Aphanomyces. Aphanomyces euteiches 









The  life  cycle of  the pathogen  is presented  in Figure  II‐2. An oospore  (perennating 
structure)  gives  hyphae which  produce many  branching  called  zoosporangiophores which 
produces zoospores. So spores can be originated from either sexual sporulation (oospores) 
or  asexual  sporulation  (from  zoosporangiophores).  In  presence  of  free  water  and  other 
favorable  environmental  conditions  (moisture,  temperature,  presence  of  a  host…), 
zoospores swarm quickly and set up an  infection site  in root, root hair or  less commonly  in 
stem or leaf where encystment and subsequent germination take place. Penetration is direct 
through  epidermis  or  natural  openings  (ex:  stomata).  Hyphae  grow  intercellularly  in  a 
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systemic  colonization  towards  the  meristematic  apex.  When  conditions  are  favourable 
(moisture  level  especially),  sporulation  takes  place  by means  of  sporangiophores  arising 
primarily  through  stomata  or  other  openings  on  the  invaded  tissue.  This  fructification  of 
sporangiophores occurs in lower leaf surface as a dense whitish fluffy layer, giving the name 
to the disease, and it corresponds to chlorotic areas above. In cotyledons, this fructification 









Moisture  and  temperature  are  considered  as  the most  important  environmental  factors. 
Zoospores  require  free  water  to  retain  viability  and  move  towards  infection  sites. 
Consequently,  rainfall  or  intensive  irrigation  will  be  a  prerequisite  for  the  initiation  of 
primary infection particularly during the critical first 2‐3 weeks after sowing (Zimmer & Hoes, 
1978; Kolte, 1985). Delanoë and Sackston considered that plant age and host tissue are also 
important  factors  controlling  systemic  infection  by  P.  halstedii  (Delanoë,  1972;  Sackston, 
1981). The earlier the infection occurs in the season, the more severe the disease will be in 
the  plant.  Tourvieille  et  al.  presented  same  observations  about  seedling  stage:  30‐40% 
diminution of downy mildew attack was observed on infected seedling of 4‐6 cm compared 













isolated worldwide  (Gulya 2007).  In France, 16  races are  identified but only 14 have been 
recognized as  installed on  the French  territory officially. From early 1960  till end of 1980, 





It must be pointed out  that all  these  races are characterized upon  the phenotypes 
(Resistant  or  Susceptible)  of  a  set  of  differential  sunflower  lines  (Table  II‐4,  D1=HA304, 
D2=RHA‐266,  D3=RHA‐274,  D4=PMI3,  D5=PM‐17,  D6=803‐1,  D7=HAR‐4,  D8=QHP1, 
D9=HA335). This classification  is practical but unadapted  in revealing  little genetic variation 
or  presence  of minor  races  in  isolates.  A  first  attempt  to  the  genetic  characterization  of 
these races was done by Giresse et al. (2007) in using 12 SNPs as genetic markers.  By using a 
combination  of  these  markers,  Delmotte  et  al.  (2008)  analysed  24  individual  isolates 
covering all 14  races  found  in France. With  these data  they observed a  strong correlation 
between genetic and phenotypic structure indicating that the 14 races fall into three distinct 
groups. Each of these genetically differentiated groups included one of the main races found 
in France 100, 703, and 710  (Figure  II‐5). However,  this evidenced genetic structure might 
only  reflect  the neutral genetic  structure of French P. halstedii populations,  since  the SNP 
markers used do not provide any relevant functional  information on pathogenicity profiles. 













Bouzidi et al.  (2007) used a genomic approach  to  identify genes  involved  in  the H. 












ramorum  (Govers  &  Gijzen  2006),  P.  sojae  (Govers  &  Gijzen  2006),  Pythium  ultimum 
(Lèvesque et al. 2010), Hyaloperonospora arabidopsidis (Baxter et al. 2010) were sequenced. 




a rapid expansion and diversification of protein  families, especially  for  families of secreted 
disease  effector  proteins,  which  are  localized  to  highly  dynamic  and  expanded  regions. 
Comparative  analyses  between  transcriptomes  of  Saprolegnia  parasitica,  Aphanomyces 
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euteiches  and  Pythium  ultimum  have  revealed  very  distinct  repertoires  of  effectors  and 
pathogenicity  determinants  (Thines &  Kamoun,  2010).  Effectors  are  defined  as molecules 
with  long  reaching  phenotype  (Dawkins  1999;  Kamoun  2007).  Effectors  were  previously 
known  as  avirulence  (avr),  virulence,  elicitor  or  even  toxin  proteins.  They  are  important 
determinants of pathogenicity. 
II.A.6.c. Pathogenicity effectors 
Among  other  oomycete‐specific  proteins,  genome  sequencing  revealed  the  vast 
repertoire  of  effectors  in  oomycetes.  Effectors  are  key  elements  of  pathogenicity  in 
modulating  host’s  defense  system  and  enabling  tissue  colonization.  They  are  subject  to 
robust  and  comprehensive  studies  in  several  model  pathosystems  (Arabidopsis 
thaliana/Hyaloperonospora  arabidopsidis,  Solanum  lycopersicum/Phythophthora 
infestans…..).  
Oomycete  effectors  can  be  separated  in  two  classes:  apoplastic  and  cytoplasmic 
effectors (Kamoun 2006, Figure II‐6). In both cases signal peptides seem to be necessary to 
be  secreted  outside  pathogen  cells.  Apoplastic  effectors  are  secreted  into  the  plant 
extracellular  space, where  they  interact with  extracellular  targets  and  surface  receptors. 
They  include enzymes  inhibitors  (Glucanase  inhibitors,  Serine protease, Cysteine protease 












The  RXLR‐dEER  motif  of  the  RXLR  family  was  discovered  by  comparing  protein 
sequences of Avr1b, Avr3a, ATR1 and ATR13  (Rehmany et al. 2005). Avr1b,  firstly  found  in 
Phytophthora sojae, occurs in a complex locus with at least two functional genes that confer 
avirulence on  soybean plants  carrying  the  resistance gene Rps1  (Shan et al. 2004). Avr3a, 
firstly  found  in Phytophthora  infestans, activates  innate  immunity  triggered by  the potato 
resistance protein R3a and is a strong suppressor of the cell‐death response induced by INF1 
elicitin  (Armstrong  et  al.  2005,  Bos  et  al.  2006‐2009). ATR1  is  a  highly  polymorphic  RXLR 
effector  gene  detected  in  Hyaloperonospora  arabidopsidis  (formely  H.  parasitica)  that 
exhibits  complex  patterns  of  recognition  on  Arabidopsis  plants  carrying  the  RPP1  gene 
(Rehmany et al. 2005). ATR13 is a highly polymorphic gene with similarities with its cognate 
R‐gene  RPP13,  suggesting  a  coevolutionary  arms  race  between  H.  arabidopsidis  and 






CRN1  and  CRN2  are  two  cell  death‐inducing  proteins  that  cause  crinkling  and  necrosis 
phenotypes  on  leaves  of  infected  plant  (Torto  et  al.  2003).  CRN  family  of  Phytophthora 
effectors was  identified  by  computational  predictions  of  secreted  proteins  and  in  planta 
expression assays. Like RXLR, CRN protein family present a LXLFLAK motif which is followed 









and  random genetic drift, gene/genotype  flow,  reproduction and mating system, selection 
imposed  by major  gene  resistance  and  quantitative  resistance)  and  the  risk  of  pathogen 
evolution.  If  we  could  adapt  this  model  to  our  pathogen,  we  would  understand  the 
evolutionary potential of P. halstedii.  
We disposed of  145  ESTs  (Bouzidi  2007)  and only  12 useable  SNPs  (Giresse et  al., 
2007; Delmotte et al., 2008). These 12 SNPs were all homozygous (personal communication 
F. Delmotte). So we disposed of  little  information about genetic variation by mutation and 
random  genetic drift. But Delmotte  et  al.  (2008)  concluded  that P. halstedii  races  can be 





rotation and climatic changes  forcing him  to adapt  into perennating structures  (oospores). 
With short distance dispersal, gene/genotype  flow  is considered  low. Nevertheless, human 
intervention  can  affect  this  flow.  Ioos  et  al.  (Ioos  et  al.,  2007,  Delmotte  et  al.,  2008) 
hypothesized  that  races  703  and  710 were  imported  to  France  due  to  seed  commerce.         
P.  halstedii  has  a mixed  reproduction  system  and  high  probability  of  outcrossing mating 
which confer a high risk regarding this  last evolutionary force (Figure II‐8). Oomycetes have 
already been reported to display complex processes resulting in phenotyping variability: for 
example,  interspecific  hybridization  (Brasier  et  al.,  1999),  recombination  by  sexual 
reproduction and genome  instability  (Kamoun, 2003). So  it  can be hypothesized  that  race 
334,  intermediate  between  710  and  703,  resulted  from  a  recombination  between  two 
isolates  of  the  two  distinct  groups.  He  also  suggested  that  race  707  resulted  from 
recombination between 304 and 703 based on genetic and phenotypic data. 

















incompatibility,  i.e.  no  disease,  requires  a  resistance  (R)  gene  in  the  plant,  and  a 
corresponding avirulence  (Avr) gene  in the pathogen.  In this system, the R genes products 
are presumed  to enable plants  to detect Avr protein corresponding  to  specified pathogen 
molecules,  and  to  initiate  signal  transduction  to  activate defenses  (Hammond‐Kosack  and 
Parker, 2003). However, Avr gene can mutate and enable the pathogen to avoid recognition 
and  to  permit  infection  (compatible  reaction  or  disease);  it  is  what  is  called  R‐gene 
breakdown. 
II.B.2. R­gene classes 






with an extracellular  LRR. This protein  class  can be delivered outside  the host membrane 
which  isn’t the case of the first three classes who are  localized  intracellularly. The class 5  is 
formed  of  one  member,  Xa21  from  rice,  and  has  an  extracellular  LRR,  a  TM  and  a 
cytoplasmic  serine/threonine  kinase  region.  The  class 6 does not  involve  LRR domain but 


















(PAMPs)  perception  via  PRRs  (Pathogen  recognition  receptor)  initiate  PAMP‐triggered 
immunity (PTI, “the zig”). PTI is the primary defense response limiting pathogen growth. PTI 
acts as generic, broad‐range defense response since pathogen elicitors are conserved among 
species.  In  an  effort  to  suppress  PTI,  pathogens  have  evolved  effector/virulence  proteins 
that act to block PAMP‐triggered signaling. This effector‐triggered susceptibility (ETS) results 
in  host  susceptibility  (“the  zag”).  In  response  to  ETS,  plants  have  evolved  an  effector‐
triggered immunity (ETI, “the zig”). ETI is largely based on NBS‐LRR based recognition (and R‐
genes  in general). This attack and response can conceptually occur  iteratively with multiple 
rounds  of  ETS  (where  pathogen  gain  new  effectors  through  horizontal  flow  or mutation) 
followed by  recognition,  resulting  in a ETI. Selection  favors new plant NBS‐LRR alleles  that 





R‐genes mediate  generally  a  hypersensitive  reaction  (HR)  in which  infected  tissue 
surrounding  infection  site  undergoes  programmed  cell  death  (PCD),  a  plant  reaction  very 
efficient in restricting pathogen invasion and preventing disease development. However, the 
same  response  can  increase  susceptibility  to  necrotrophic  pathogens.  These  pathogens 
acquire  their  nutriments  on  dead  host  tissue.  So  PCD  can  be  used  in  the  profit  of 


























In  the  last 12 years, 10 new  races of P. halstedii were  found  in  the  field  in France 
(Figure  II‐13a). These races have overcome resistance conferred by Pl genes widely used  in 
commercial hybrid (Figure II‐13b). Tourvieille et al. (2005) made a hypothetical link between 
“probable”  Pl  deployment  in  field  and  rising  of  new  races.  After  10  years  of  resistance 
effectiveness  in  field, number of races circumventing resistance conferred by Pl1/Pl2  locus 
was  increased. Same scenario was observed when Pl6/Pl7  locus was used  in field.  In 2004, 
race 334 emerged  in field as the first race circumventing Pl5/Pl8 resistance shortly after  its 
deployment in field. P. halstedii have shown an active adaptation against Pl resistance genes 
in  the  field. This case was already observed  in downy mildew of  lettuce. The pathosystem 
Lactuca sativa / Bremia lactucae is formed by an Asteraceae host (same family as Helianthus 
annuus) and an obligate biotroph oomycete pathogen (same as P. halstedii). Due to intensive 
cultivation of  lettuce and use of Dm genes  (conferring complete  race‐specific  resistances), 
genetic  control  became  ineffective  against  B.  lactuca.  Actually,  19  Dm  genes  were 
introgressed  into  commercial  cultivars  and  soon  after  their  introduction  they  became 
ineffective as a result of rapid adaptation of the pathogen  (Crute 1992, Lebeda & Schwinn 
1994, Reinink 1999).  It has been proposed  (Jeuken & Lindhout 2002) to exploit a non host 












virus  resistance  in  common bean have provided durable  resistance  long  time  in breeding 
(Jorgensen  et  al.  1992;  Kilian  et  al.  1994; Melotto  et  al.  1996).  These  R‐genes  are  quite 
unsual because they conferred also resistance to multiple isolates/races of pathogen.  
To avoid  total breakdown of Pl genes and, as a consequence of  the  lost of  the  last 
effective control method in sunflower against downy mildew, more durable solution must be 
found.  QDR  deployment  seems  to  be  a  valuable  strategy.  As  commented  before, 
observations on various crops cultivars presented QDR as an alternative solution permitting 
to reduce selection pressure and so reducing probability of rapid evolution of the pathogen 
towards  pathogenicity.  But  many  studies  have  mixed  up  between  durability,  partial 
resistance  and  broad  spectrum  resistance.  The  definition  of  durable  resistance  does  not 
include  any  statement  on  genetic  control  of  the  resistance,  its mechanism,  its  degree  of 
expression, or its race‐specificity.  
II.C. Quantitative Disease Resistance 












More  generally, QTLs  are  defined  as  a  statistically  significant  association  between 
allelic variation at a marker‐genotype  locus and a phenotypic trait that exhibits continuous 






mapping  is using a  large, preferably unstructured natural population. Each  individual of the 
population is genotyped for DNA markers spanning the genome and phenotyped for one or 
more  quantitative  traits  in  replicated  experiments. Genotyping  and  phenotyping  data  are 
analysed  using  mapping  softwares  (ex:  MapMaker,  Carthagene,  MCQTL,  Structure…)  to 
identify  statistically  significant  association  between  genotyping markers  and  phenotyping 
trait  to  detect QTLs.  Concerning  Linkage mapping,  it  produces,  at  first,  a  loose  or  coarse 
mapping with >10 cM  interval region. Fine mapping  is necessary afterwards to reduce QTL 
region  <1cM.  Main  goal  is  to  reveal  quantitative  trait  nucleotide(s)  (QTNs)  underlying 
phenotyping  variation.  QTNs  can  be  allele  variants  in  coding  sequences  but  can  also  be 
outside  the  coding  region  of  a  gene  (regulatory  element,  promoters  …).    This  last  step 
consists  in  positional  cloning  with  physical  mapping.  Determination  of  the  QTN  can  be 
realized  by  screening  Bacterial  Artificial  Chromosome  (BAC)  libraries  or  by  sequencing 
candidate genomic regions.  
Association  mapping  differs  by  searching  directly  statistical  associations  (linkage 
disequilibrum,  LD)  between  genetic markers  and  phenotypic  traits  and  because  it  uses  a 
large  variable  population with more  recombination  events  than  a  biparental  population, 






Little  is  known  about mechanisms  underlying QDR.  Poland  et  al.  (2008) made  an 
excellent review where hypothesis about molecular basis of QDR were advanced. Hypothesis 
involved  genes  regulating morphology  or  developmental  phenotypes  (Collins  et  al.,  1999; 
Steffenson et al., 1996; Thompson   et al., 1984; Melotto et al., 2006; Bradley et al., 2003; 
Albar et al., 1998; Zhu et al., 1999), QRLs represent mutations or alleles of genes involved in 






can explain QDRs  and pathogen evolution  can  erode effectiveness of R‐genes,  converting 
them sometimes to QRLs.  
In  literature,  only  3  QRLs were  cloned  and  characterized  to  date.  Fukuoka  et  al. 
(2009) cloned pi21 which confers a durable non race‐specific disease resistance to blast  in 
rice.   Pi21  is  a proline‐rich  gene of unknown  function  that  includes  also a putative heavy 
metal–binding domain and putative protein‐protein  interaction motifs. The  resistant allele 




Both genes conferred  resistance  to  stripe  rust  (Puccinia  striiformis)  in wheat. Lr34 protein 
encodes  for  a  putative  ABC  transporter  (adenosine  triphosphate‐binding  cassette 
transporter). This single gene conferred also  resistance  to  leaf  rust  (Puccinia  triticinia) and 
powdery mildew (Blumeria graminis). Yr36, which confer resistance to stripe rust under high 
temperature  (25‐35°C), encodes a kinase and a START  lipid‐binding domain  (steroidogenic 




that a Germin‐like  family protein  is  responsible  for  the  resistance observed  (Manosalva et 
al., 2009). As we can see no common  function can be attributed  to QRLs and no NBS‐LRR 
domain was found.  
Adaptation  to  the  HR  caused  by  R‐genes  is  quite  different  from  adaptation  to 
quantitative resistance. A loss mutation in avirulence gene results in restoring pathogenicity, 
whereas adaptation  to quantitative  resistance, pathogen must add a new characteristic or 








al.  2004).  All  these  pathogens  are  necrotrophic  plant  pathogen.  So  QDR  to  necrotophic 
pathogens  is  available  and  has  been  proven  especially  against  Sclerotinia  sclerotinium  in 
sunflower (Yue et al., 2008).  




was  searched  since 2003  in 820  inbred  lines  (without any efficient Pl gene)  tested  in  field 
with races 703 and 710. Quantitative resistance was measured as the percentage of plants 
damped off or showing symptoms of yellowing, sporulation or dwarfing at 4 leaf stage (see 
Tourvieille et al. 2008  for more details). Four  inbred  lines were used as checks: FU and GB 
(susceptible  to  the 14  races), PR56 and PSU7  (carrying Pl2 gene  so  resistant  to  races 100, 

















detected on  LG8  (Linkage group 8) and  LG10  cumulating 42% of  the observed phenotype 




was  found  significant with  a  LOD=4.5.  This  trial was  limited with  the  available  naturally 
infested  field with  races other  than 703 and 710, and  the cost of data acquisition  (several 
locations,  several  years,  irrigation  procedures).  Artificial  infections  in  field  would  be 
unacceptable at phytosanitary level since the pathogen is a reglemented microorganism. It is 
therefore very important to develop a phenotyping method in controlled environments (ex: 
growth  chambers)  to  demonstrate  if  this  QDR  is  broad  spectrum  and  to  facilitate 
phenotyping. This coarse mapping  led to detect QRM1 and QRM2 spanning over 7 cM and 













Genotyping  helps  us  to  understand  how  genotypic  variation  translates  into  phenotypic 
characteristics; and thus molecular markers provided a more accurate tool to classify species  
than  previously  used  methods  like  phenotypic  characterization.  Random  amplified 
polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), microsatellites or 
single sequence repeats (SSR) and more recently single nucleotide polymorphism (SNP) were 
molecular  techniques  providing  accurate  diversity  studies.  In  the  last  decade,  next 
generation sequencing methods (NGS, see corresponding section) moved genotyping to the 







using 454 and Illumina EST sequencing of the parental diploid species of Tragopogon 
miscellus (Moscow salsify, Asteraceae), 7,782 single nucleotide polymorphisms were 
identified that differ between the two progenitors genomes present in this allotetraploid 
(Buggs et al., 2010).  
SSR  and  SNP  present  robust,  repeatable  and  easy  to  use markers with  the  possibility  of 
automation;  SSR are polymorphic loci present in DNA that consist of repeating units of one 
to six base pairs in length whereas SNP are DNA sequence variation occurring when a single 
nucleotide  (A, T, G or C) differs  among members of  a  species.  SNP  is  the most  abundant 
marker  system  both  in  animal  and  plant  genomes  and  has  recently  emerged  as  the  new 
generation molecular markers  for various applications. Molecular genetics  is a  fast‐moving 
field  where  new  techniques  are  likely  to  be  developed  like  chip‐based  SNP  are  under 
construction for high throughput genotyping.   
II.D.2.  Screening  Bacterial  Artificial  Chromosome  libraries  in 
positional cloning approach 
Bacterial  Artificial  Chromosome  (BAC)  is  a  DNA  construct  of  a  functional  fertility 
plasmid (F plasmid) and a DNA insert from the studied genome; this construction is inserted 
generally  in  Escherichia  coli  bacteria  (Figure  II‐18).  BAC  libraries  are  used  for  mapping, 
positional  cloning  and  high  through‐put  DNA  sequencing  of  complex  genomes.  BACs  are 
preferred  for  these  kinds  of  genetic  studies  because  they  accommodate  much  larger 






ysical map  of  the  region  of 















details).  These  markers  have  been  already  mapped  in  the  genetic  region  of  interest. 










…). However, due  to high demand of  low‐cost, high  throughput  sequencing,  several next‐
genera
  to  obtaining  the  results,  as 
template preparation,  sequencing and  imaging, and data analysis. Metzker 2010 made an 
excellent  review  of  these  methods  with  a  comparative  analysis  of  available  sequencing 
technologies. The comparison between technologies revealed variability among and within 
NGS platforms  in terms of template size and construct, read‐length, genome coverage and 
sequence  accuracy  (Table  II‐19).  Thus  every  sequencing  project  must  consider  those 
differences and adapt the best technology to the project.  
II.D.3. Next generation sequencing (NGS) techniques 




techniques  sequencing:  Roche  454  and  Illumina  Solexa will  be  exposed. NGS  offered  the 
ability to produce massive volume of data cheaply (till a billion short reads) with the aptitude 
of the whole genome sequence. 
NGS  techniques  require  number  of  methods,  prior
 Table II‐19 Comparison of two most used NGS techniques from Metzker, 2010. Look at the review for further details 
In  the  future,  new  or  improved  technologies  are  to  be  expected…like  a  new  and 
promising tech 11, based on semiconductor sequencing technology. It’s 
called  “Ion  Torrent”  system  from  ABI  (http://www.iontorrent.com/).  The  chemistry  is 





strand  of  DNA  by  a  polymerase,  a  hydrogen  ion  is  released  as  a  byproduct;  that 
hydrogen  ion  carries  a  charge which  an  ion  sensor  can  detect.  This  technique  translates 
chemical  information  to  digital  information  bypassing  light  as  an  intermediate;  as  a 
consequence this technique doesn’t use special chemistry, scanners, lasers … This technique 
have  the  advantage  to be  cheap  and  the device  to be  small  and  easy  to use. Roche  and 









Microarrays  have  permitted  to  parallel  quantification  of  high  number  of  genes 






















The  main  objective  of  this  thesis  is  to  develop  two  approaches  bringing  each  a 
different  contribution  to  the  enhancement  of  durability  in  the  sunflower  resistance  to 
downy mildew: 
On  the host  side, mapping of  the major QTLLG10  “QRM1” and  comparison between 
genetic pathways  involved downstream of R‐genes,  like Pl5  gene, and  the  genes  involved 
 of the quantitative resistance, conferred by QRM1, towards the analysis of their 
respective implication in the plant response to the pathogen. 
























































have  to be studied and particularly,  the evolution of pathogen population  is an  important 
subject  to  be  investigated.  Selection  due  to  major  gene  resistance  and  quantitative 
resistance is known as one of the five evolutionary forces that modulate pathogen evolution 
(McDonald &  Linde,  2002  and  part  II‐A‐7).  Selection  is  especially  considered  as  the main 
force that changes frequencies of mutant alleles. When a major gene (seen as a receptor) is 
widely  used  in  a  delimited  geographical  region,  mutant  pathogen  having  lost  the 
corresponding elicitor (avirulence or effector allele) will have an important advantage and its 
population will  increase  consequently,  leading  to  the  breakdown  of  the major  resistance 
gene. Because quantitative resistance is associated to multiple loci with limited effect and/or 
affected by the environmental conditions, and developing a lower selection pressure on the 
pathogen,  its  effect  on  the  pathogen  population  cannot  be  modelled  in  using  simple 
“receptor‐elicitor”  recognition,  and  therefore  the  evolution  of  the  pathogen  population, 















Phytophthora  infestans,  P.  ramorum,  P.  sojae,  Pythium  ultimum  and  Hyaloperonospora 
P. halstedii populations were characterized on the phenotype (resistant/susceptible) 








decipher  genetic  resources  available  in  P.  halstedii  populations. However, with  the  novel 










esources  and  thus  the  knowledge  on  this  pathogen.  In  this  study,  we  performed  a 
transcriptomic  analysis  of      P.  halstedii  race  710  during  a  compatible  and  incompatible 
interaction with its host, H. annuus. Inbred INRA lines, XRQ carrying Pl5 and QRM1‐R confer 
resistance  to  race 710 whereas PSC8  carrying only Pl2 who does not  confer  resistance  to 
race  710.  Actually  those  two  parental  lines  and  their  RIL  are  subject  to  a  fine mapping 
project to characterize a quantitative resistance carried by XRQ.  
 The objectives of this project were to determine genes implicated in XRQ resistance, 
genes  implicated  in PSC8  susceptibility but also  to  reveal P. halstedii  transcriptome which 
will bring a valuable  insight of  the genes  involved  in both  interactions; A special attention 
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Background:  Downy mildew in sunflowers (Helianthus annuus L.) is caused by the oomycete Plasmopara halstedii 
(Farl.) Berlese et de To ni.  Despite efforts by the international community to breed mildew-resistant varieties, downy 
mildew remains a major threat to the sunflower crop. Very few genomic, genetic and molecular resources are 
currently available to study this pathogen. Using a 454 sequencing method, expressed sequence tags (EST) during 
the interaction between H. annuus and P. hal stedi i  have been generated and a search was performed for sites in 
putative effectors to show polymorphisms between the different races of P. halstedii. 
Results: A 454 pyrosequencing run of two infected sunflower samples (inbred lines XRQ and PSC 8 infected with 
race 710 of P. halsted ii , which exhibit incompatible and compatible interactions, respectively) generated 113,720 
and 172,107 useable reads. From these reads, 44,948 contigs and singletons have been produced. A bioinformatic 
portal, HP, was specifically created for in-depth analysis of these clusters. Using in si lico filtering, 405 clusters were 
defined as being specific to oomycetes, and 172 were defined as non-specific oomycete clu sters .  A subset of these 
two categories was checked using PC R amplification, and 86% of the tested clusters were validated. Twenty 
putative RXLR and C RN effectors were detected  using PSI-B LAST. Using corresponding sequences from four races 
(1 00,  304, 703 and 710 ), 22 SNPs were detected, providing new information on pathogen  polymorphisms. 
Conclusions: T hi s study identified  a large number of genes that are expressed during H. annuus/P. halstedii compatible 
or incompatible interactions. It also reveals, for the firs t time, that an infection mechanism exists in P. halstedii similar to 
that in other oomycetes associated with the presence of putative RXLR  and C R N effectors . SNPs discovered in CRN 
effector sequences were used to determine the genetic distances between the four races of P. halstedii. Thi s work 




Down y mildew in sunflowers  (Helianthus  annuus  L.) is 
caused  b y the  oomycete  Plasmopara hal stedi i  (Farl.)  
Ber lese e t de Toni.  Both the  host  plant  and  the  pa tho-  
gen  spec ies or igina ted  i n North   America, where  co- 
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evolution  has taken  place [1 ]. As the result  of the  fast 
ev olut ion  of th e  pa thogen  and  despite  co nsid erab le  
ef for ts by public  research  and seed  companies,  dow ny 
mildew remains  a major risk for the crop, as new races 
of the  patho gen  are  bypass ing the  re sistance  of sun-  
flower hybrids [2] , which is genera lly based on race-spe-
ci fic   P l  genes  [3 -6 ].  One  of  the  s tra tegies  us ed  to 
enhance  the  durab ility  of diseas e resistance  to down y 
mildew in  the  field consists  of identifying  quantitative 
resis tan ce    loc i   in   plants   [7]   an d   improving   the 
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knowledge about the genetic variability of the pathogen to 
make molecular  tools available that will assist in genotyp- 
ing new P. halstedii isolates. Previous studies have already 
been conducted  at the molecular level to analyze the inter- 
action  between  H. annuus  and  P.  halstedii  [4-6,8,9]. 
Downy mildew isolates have been collected from diseased 
plants in the field and designated as races based on their 
divergent  virulence profiles in a set of differential hosts 
that carry different Pl resistance genes [2]. Fourteen differ- 
ent reference races of this pathogen  have now been char- 
acterized in France, nine of which emerged in the last ten 
years [10]. Using a combination  of SNP markers [11], Del- 
motte  et al. [10] analyzed 24 individual isolates covering 
all 14 races that are found in France. Using these data, 
they observed a strong correlation between genetic and 
phenotypic  structure, indicating that the 14 races fall into 
three distinct  groups. Each of these genetically differen- 
tiated groups included  one of the main races found in 
France: 100, 703, and 710 [2]. However, the genetic struc- 
ture evidence might only reflect the neutral  genetic struc- 
ture of French P. halstedii  populations  because the SNP 
markers used do not provide any relevant functional infor- 
mation with respect to pathogenicity profiles. 
P. halstedii  is an oomycete from the Peronosporaceae 
family. Oomycetes  form a group which is distinct  from 
fungi [12,13] and include  many plant pathogens,  such as 
Phytophthora  and downy mildews (Bremia, Peronospora, 
Plasmopara). The pathosystems Hyaloperonospora ara- 
bidopsidis/Arabidopsis  thaliana and Bremia  lactucae/ 
Lactuca  sativa  are  well-studied  model  systems  for 
downy mildews (see [14] and [15] for  review). Downy 
mildews are obligate biotrophs  and therefore  require  liv- 
ing hosts to survive. Using infection  structures,  such as 
haustoria,  the pathogen  draws nutrients from its host 
and releases enzymes and effectors into the host’s cells. 
Effectors are defined as key elements  of pathogenicity 
that  have been shown modulating the host’s defense sys- 
tem and enabling  tissue  colonization  in other  model 
pathosystems  [16-18], but not in the Helianthus  annuus 
*  Plasmopara halstedii  pathosystem   up  to  now.  In 
oomycetes,  two classes of cytoplasmic  effectors  have 
been characterized,  RXLR and CRN (for  crinkling  and 
necrosis)  [19,20]. The  RXLR-dEER  motif of the RXLR 
protein  family was discovered by comparing  the protein 
sequences   of  AVR1b,   AVR3a,  ATR1  and   ATR13 
[20-22]. CRN1 and  CRN2 are two cell-death-inducing 
proteins that cause crinkling and necrosis phenotypes  in 
the leaves of infected  plants  [23]. 
Bouzidi et al. [8] used a genomics approach  to identify 
genes involved in the H. annuus/P. halstedii interaction. 
They employed  a subtractive  hybridization  method 
(SSH) in sunflower seedlings infected by P. halstedii.  A 
total  of 145 ESTs were  identified  as specific to  the 
oomycete,  but no effector was highlighted. 
The  advent  of next-generation  sequencing  methods 
with reduced  costs and higher  throughput  has encour- 
aged the  generation  of more  comprehensive and  in- 
depth  studies  for a wider range of organisms  and tran-
scriptomes  [24-26]. One of these methods that  makes it 
possible  to generate  valuable information  for species 
with  high  economic   interest   but  limited  genomic
resources  is 454 pyrosequencing  technology  [27]. In 
addition,  454 sequencing  allows the  identification  of 
allelic variations  and constitution of haplotypes [28]. 
In the context  of sustainable agriculture, management 
of durable genetic resistance  and minimization  of selec- 
tive pressure  on pathogens are key objectives. Enriching 
the genomic  resources available for exploring the inter- 
action between  H. annuus  and P. halstedii  is crucial for 
research  on P. halstedii, especially with respect to disco- 
vering the effectors involved in its pathogenicity. In this 
study, a  454 FLX pyrosequencing  of cDNAs from  H. 
annuus seedlings infected by P. halstedii was performed 
to produce  sequences  expressed  by either  organism in 
the frame of their  interaction.  The  resulting  assembly 
was searched  for effectors, such as RXLR and CRN; the 
polymorphisms  of these effectors between the four races 
of P. halstedii  were used as  markers for re-evaluating
their  genetic relationships. 
 
Results  and  Discussion 
454 pyrosequencing and  assembly of HP clusters 
Two sunflower lines that  are susceptible  (PSC8) or resis- 
tant  (XRQ) to infection  by P. halstedii  race  710 were 
analyzed. The  PSC8 samples  infected  with  P. halstedii 
race 710 (a compatible  interaction)  generated  251,126 
reads  (with an average length  of  176 bp and a median 
length of 161 bp), while the  infected  XRQ samples (an 
incompatible  interaction) generated  161,526 reads (with 
an average length of 184 bp and a median length of 179 
bp). After  trimming  and cleaning  procedures,  172,107 
(XRQ) and 113,720 (PSC8) useable reads were obtained. 
These reads were pooled with 134,030 H. annuus  EST 
and  mRNA  sequences  and  145 P. halstedii  EST  and 
mRNA sequences  that were available in GenBank (Janu- 
ary 2009) to assemble clusters. This clustering produced 
44,948 contigs  and singletons.  The  HP database  pro-
duced  is available at  http://www.heliagene.org/HP. Of 
these, 25,381 HP  clusters are considered  new because 
they could not  be assembled  with any publically avail- 
able  H.  annuus   or  P.  halstedii   ESTs.  The  clusters 
obtained were annotated as HPXXXXX (where × repre- 
sents a digit), and for simplicity, they will be designated
as HP clusters  hereafter. 
Information sequence  similarities  for each cluster were 
collected  from the  Heliagene  (a sunflower  database, 
http://www.heliagene.org; see Methods  for  more  infor- 
mation),  GenBank  (NCBI), TAIR, PUT  (PlantGDB- 
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Figure  1 Workflow of the study  analysis. HU = Heliagene database (DB), * = performed on Heliagene DB, GenBank DB, PUT DB, SwissProt  DB, 
TAIR DB and a local oomycete database (OOM). 
 
 
assembled Unique Transcripts  [29]), InterPro, and Swis- 
sProt  databases  and were incorporated  in the  HP data- 
base. An oomycete  database  (OOM)  was  created  from 
all of the  oomycete  sequences  available in GenBank 
(February  2010) and was  thereafter  updated  to include 
the Hyaloperonospora arabidopsidis  sequences that  were 
made  available to the scientific community  in December 
2010 ([30], see Methods  for more  information).  This 
database  was used to search for similarities with oomy- 
cete sequences.  This information was also incorporated 
in the  HP  database.  Figure  1 describes  the  analysis 
workflow used in this study. 
 
In silico identification of P. halstedii sequences 
The  HP  clusters  originated  from cDNAs  of  infected 
sunflower  samples  and could  therefore  correspond  to 
either  H. annuus  or P. halstedii.  To  identify  putative 
Plasmopara sequences,  an in silico  selection  procedure 
was  applied,  based  on  TBLASTX  results  that  were 
obtained  from different  databases  (PUT, Heliagene  and 
OOM)  [31]. 
First, using  TBLASTX searches  with  (i) an  expect 
value (E-value) lower  than  1e-07  against  the  OOM
database  and (ii) an E-value greater  than  1e-04 against 
the PUT or Heliagene  databases,  which  indicated  poor
match with  p lant  sequences,  405  HP  clusters  were 
define d  as  specifi c  oomycete  seq uences  (Figure  2, 
Additional  files 1 &2). Among  these, 350 clusters  were 
found  to  be specific to  the  infected,  susceptible  sun-
flower line, PSC8, while  11 clusters  were specific to 
the infected,  resistant  sunflower line, XRQ. A total  of 
42 clusters  were found  to be common  to both samples. 
Among  the 405 candidate  oomycete  clusters,  51  clus- 
ters were highly represented  in the infected  PSC8 line 
(corresponding  to more  than  90% of the  reads  for the 
clusters  that  generated  at least 10 reads), whereas none 
of the  clusters  were highly  represented in XRQ. This 












Figure  2 Venn diagram  sorting  clusters  between Plasmopara  and Helianthus  putative  sequences.  In italics: numbers in  the subclass. 
Surrounded by a square: a subset of clusters that were tested by PCR amplification to check their belonging subclass.  PSC8 > 90%: clusters 
formed mainly by reads originated from PSC8 sample (compatible reaction). XRQ > 1: clusters having at least one read originated from XRQ 
sample (incompatible interaction). PSC8 > 1: clusters having at least one read originated from PSC8 sample. 
  
of the XRQ line with respect  to race 710, which results 
in very little multiplication of P. halstedii  in  the tissues 
of these  plants  in  contrast  to  the  susceptible  PSC8 
plants.  The  high  level of  oomycete  multiplication in 
infected PSC8 plants  was expected  given the suscept- 
ibility of PSC8 to  the  race  710, and  was confirmed 
based  on  the  large amount  of P. halstedii  ribosomal 
RNA in the  total  RNA in the PSC8 sample compared  
to the  total  RNA in the sample from the infected  XRQ 
resistant  line (data not shown). 
Next, as some HP candidates  could belong to  either 
H.   annuus    or   P.   halstedii   due   to   the   in   silico 
(TBLASTX) proximity  of the  two  species,  a class of 
“non-specific oomycete” clusters was selected using two 
TBLASTX criteria: (i) only HP clusters  with an E-value 
< 1e-07 against  the  OOM  database  were  considered, 
and (ii) among those, only the HP clusters for which E- 
values against  the  OOM  database  were  1,000  times 
smaller than  the E-values against the PUT or Heliagene 
databases were retained. This selection  led to the identi-
fication of 172 HP clusters  as  “non-specific  oomycete” 
sequences  that  are  expressed  by the pathogen  during
interactions with  the plant  (Figure 2, Additional  files 3 
&4). Of these,  20 clusters  were selected  for  validation 
based on the  high  proportion of reads  (greater  than 
90%) in the PSC8-infected sample. 
 
Validation  of the  in silico-predicted oomycete sequences 
by PCR amplification with genomic DNA 
Fifty-tw o  se q ue nc es  tha t  we re  highly  expresse d  in 
PSC8 (Additional  file 5) were  selected  to check  the 
accuracy  of the in silico filtering. Thirty-five  of  these 
were specific oomycete  clusters,  while the  remaining 
17 sequences  belonged  to the  non-specific  oomycete  
67 
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category. They were tested  by PCR amplification  using 
H. annuus  (inbred  line XRQ) and  P. halstedii  (race 
710) genomic  DNA. A total  of 39 amplifications  pro- 
duced  a unique  band  when tested  in P.  halstedii DNA. 
Seven  amplifications  produced  a b and  when  u sing 
ei the r  H. annuus  (H)  or  P.  halstedii  (P ) DN A. No 
amplification  was obtained with the  last six clusters  for 
either  type of genomic  DNA. Importantly,  none of the 
52 sequences  produced  amplified  bands  only  when 
tested  with  H. annuus  DNA,  thus  validating the  in 
silico filtering process  which  was  used  in this study. 
Simil ar  amplification  patterns  w ere  obtained  wi t h 
PSC8 and  race  710 genomic  DNA. Regarding  the  six 
clusters  that  amplified both  plant  and oomycete  geno- 
mic DNA, the  band  amplified  from P. halstedii  DNA 
exhibited  the  expected  size, while the bands  amplified 
using  H.  annuus  DNA presented  a lower molecular 
size  (indicated  by a star  in Figure 3), suggesting  that 
they are likely due to non-specific  amplification,  which 
can be caused  by a homologous  but  shorter  sequence 
in Helianthus  or low-specificity primers.  Due  to  the 
approximately 85% correct  predictions  and the lack of 
any amplifications  being obtained  only  with Helianthus 
DNA, the in silico filtering  method  was considered  as 
providing  reliable results, and it was therefore  assumed 
that  a large majority  of clusters  were accurately  allo- 
cated to their respective categories. 
 
Biological features of the  P. halstedii predicted sequences 
The 405 oomycete-specific clusters and the 20 non-spe- 
cific oomycete  clusters  that  were  confirmed  by PCR to 
be of P. halstedii  origin were  examined  to describe  the 
biological features  of the  potential  new P. halstedii 
sequences.  Among  these  425 clusters,  only 36 (8.5%) 
corresponded to P. halstedii  sequences  that  were already 
present  in the GenBank database,  indicating  that  this 
study provides  389 potentially  new P. halstedii  genes 
that  are expressed  during  interaction with  sunflowers,
increasing the number  of sequences present in the data-
base by at least 3 fold [8]. Of these 36 previously identi- 
fied P. halstedii  sequences,  nine clusters  correspond  to 
ribosomal  protein  gene   sequences  (HP000627, 
HP001039,  HP002564, HP003353,   HP016471, 
HP018679, HP033486,  HP034141, and HP034474); two 
encode a protein with an InterPro  NAC motif (for nas- 
cent  polypeptide-associated complex)  (HP000902  and 
HP030154);  one contained  a putative  WD40  domain; 
one was similar to a glucose transporter; one was similar
to F1-ATP synthase; and one had an  NADPH  oxidore- 
ductase domain.  The  remaining  21  clusters  encoded 
unknown  P. halstedii  proteins  and showed no significant 
similarities to other  organisms (Additional  files 1 and 3). 
Most  of the 389 new P.  halstedii  sequences  encoded
putative  proteins  with  unknown  functions,  and only 32 
of the predicted  proteins  had  an InterPro  motif. These
new P.  halstedii  cluster  sequences  presented  strong 
TBLASTX E-values associated  with different  oomycete 
sequences present  in the OOM  database. A total of 310 
clusters (73%) exhibited  highest TBLASTX homology to 
seven Phytophthora  species,  with the most  represented 
being P. infestans (27% of the hits) and P. capsici (27%). 
The other  top similarity scores were found with Hyalo- 
peronospora arabidopsidis  (16.5% of the hits) and, to a 
much lesser extent, with Phytophthora parasitica (7%), P. 
sojae (6%), P. brassicae (4%) and Pythium ultimum (1.6%). 
No significant similarity was found with Aphanomyces
euteiches sequences. These proportions are expected to be 
partly biased by the representation of the different oomy-
cete species in the OOM  database  that  was built (see 





Figure 3 PCR amplification  of a subset  of the  49 predicted  oomycete sequences. PCR amplification was performed with H.annuus PSC8 
DNA  (H) and P. halstedii  race 710 DNA (P) with 24 primer couples, and loaded on an agarose gel (1.5%) stained with ethidium bromide. Ladder 
used was 1Kb (BioLabs). The star indicates an amplification on both H and P but with the H amplified band size smaller than that of P. The 
amplified HP represented are: HP003248, HP000331, HP001113, HP000314, HP003279, HP003590, HP003584, HP000639, HP003940, HP001561, 
HP001957, HP000353, HP001963, HP001040, HP001711, HP000298, HP003084, HP003006, HP000301, HP001391, HP000977, HP001858, HP002621, 
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phylogenetic  relationships  between  the different oomy- 
cetes. Surprisingly, fewer hits were found against Hyalo- 
peronospora  arabidopsidis,  which  is  considered  as a 
phylogenetically close relative to P. halstedii [32]. Because 
P. halstedii  is a member  of the Peronosporaceae, it was 
not surprising to find that it is more closely related to Phy- 
tophthora species than  to  P. ultimum  or A. euteiches 
(Saprolegniales). Phytophthora  species are phylogenetically 
close to downy mildews, such as P. halstedii and Hyaloper- 
onospora arabidopsidis [32]; both exhibit specialized infec- 
tion structures called haustoria, and their genomes encode 
RXLR-EER type effectors (in contrast  to P. ultimum and 
A. euteiches) ([33] and this study). 
 
Searching for H. annuus sequences expressed during 
infection  by P. halstedii 
Using a TBLASTX analysis with a cut-off E-value of 1e-30 
against the PUT and Heliagene databases and no match to 
the OOM  database, 12,000 HP clusters were predicted  to 
be of plant origin. Among these, searches were carried out 
using the keywords “defense”, “disease” and “pathogenesis” 
within the InterPro and GO fields of the TBLASTX results 
against different databases (PUT, Heliagene and SwissProt) 
and the InterPro Scan results. A total of 130 clusters was 
obtained (Figure 2, Additional file 6), and a total of 74 of 
those was tested to determine  their host origin by PCR 
amplification using sunflower and downy mildew genomic 
DNA. Only 30% of the clusters were found to be specific 
to H. annuus  (XRQ genomic DNA) (Additional file 7). Of 
these, eight putative NBS-LRRs (HP009300, HP009882, 
HP010230, HP020625, HP021629, HP022037, HP022395 
and HP027120) were detected as well as an EDS-1 (for 
Enhanced  Disease  Susceptibility,  HP016054),  EDS-5 
(HP021975)   and   EIN2  (for   Ethylene   Insensitivity, 
HP004696), while 40.5% of the clusters led to an amplified 
band of the same size using both P. halstedii  (race 710) 
and H. annuus DNA. These results indicate that the filter 
requiring  no match  to the OOM database  was insuffi- 
ciently selective, likely due to the lack of Plasmopara 
sequences in the OOM database. 
 
Searching for P. halstedii putative effector sequences 
using  PSI-BLAST 
Recently, many studies have shown a vast repertoire of 
cytoplasmic  and apoplastic  effector proteins  in oomy- 
cetes. Within  the  class of cytoplasmic  effectors,  the 
RXLR and Crinkler (CRN) families have been especially 
well  studied  [19,20].  RXLR and  CRN  proteins   are 
secreted in haustoria  and translocated into host cells to 
modulate host defenses and enable pathogenicity [34]. In 
addition  to a signal peptide,  RXLR proteins  exhibit a 
characteristic  RXLR amino acid motif that is sometimes  
associated with a -dEER motif, while CRN proteins show 
a characteristic LXLFLAK motif. The OOM  database was 
searched  for similarity to known oomycete  effectors 
using the PSI-TBLASTN method  (with an E-value cutoff 
of < 1e-04) [35]. All of the RXLR and CRN sequences 
available in GenBank were used to construct  two corre-
sponding matrices for the PSI-TBLASTN search. A total 
of 15 putative CRN clusters and five putative RXLR clus- 
ters were found  in the HP database.  These  relatively 
short  clusters  obtained  from  cDNA  that  came  from
plants infected by race 710 were elongated  using other 
cDNA sequences obtained  by germinating  spore materi- 
als from different races (see Methods  and unpublished 
data from F. Delmotte  et al.). The elongated,  generated
clusters are described in Additional  files 8 &9. 
 
• RXLR putative sequences: The  five putative  P. 
halstedii  RXLR proteins  detected  as being  homolo- 
gous   to  oomycete   effectors   by   PSI-TBLASTN 
included  a predicted  signal peptide and are therefore
likely secreted  along with the EER motif. The follow- 
ing RXLR motives  were  found:  RLLI (PhRXLR_02 
and _03), RLLR  (PhRXLR_05), or a putative  motif 
(RKLQ in  PhRXLR_01 or RALT in PhRXLR_04). 
The  encoded  predicted  peptide  sequences  (Addi- 
tional file 10) did not show any significant homology 
with  known  peptide  sequences  due  in  part  to the 
large variability of RXLR sequences but also because 
they are short  (70 to  140  amino acids), with  the 
exception  of PhRXLR_04 (334 amino  acids). 
• CRN putative sequences: Among the putative  P. 
halstedii CRN sequences, 7 included the characteris-
tic LXLFLAK CRN translocation  motif  50 amino
acids after the first methionine  [33], and the eight 
others  exhibited  a close  variant  motif or LXLSLAK. 
Only 4 of these sequences  presented  a predicted  sig- 
nal peptide,  but previous  studies  have made  similar 
observations  for CRN [36]. The Multalin  [37]  align- 
ment  of 13 of the PhCRN sequences showed a con- 
served N-terminal  region of approximately  90 amino 
acids. In 8 out of 9 of the predicted  peptides  longer
than  130 amino  acids,  a conserved  HVLV(L/V)VP 
motif (at 120 amino  acids) followed by variable C- 
terminal  regions was found (Figure 4). This organi- 
zation  is  reminiscent  of CRN proteins  from  Phy- 
tophthora [38]. Alignment  with 8 CRN  proteins 
from Hyaloperonospora  arabidopsidis (https://www. 
vbi.vt.edu/) showed a high degree of conservation  of 
the first 90 amino  acids between  the two oomycete
species, with 23 conserved  (>  90% identity)  and 20 
conservative  (> 50%  identity)  amino  acid residues
being observed, likely related  to their close phyloge- 
netic relationship  (Figure 4) [32]. All of the PhCRN 
predicted  peptide  sequences  exhibited  TBLASTN 
hits with the OOM database of predicted  gene mod- 
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Figure 4 Multalin alignment  of the N-termini of 13 P.halstedii (PhCRN) and 8 H.arabidopsidis (HaCRN) CRN putative effectors. PhCRN 
proteins were predicted by FrameDP [46] and for the alignment, first methionine was considered as the start of the protein. PhCRN_13 and_15, 
too short, were excluded. The predicted proteins for PhCRN_10 to_14 were added even their FrameDP predicted peptides were shorter than 
130 amino acids. The last lane consensus indicates the highly conserved amino acids in red (> 90% identity) and in blue, amino acids conserved 
in more than 50% of the aligned sequences.  
of 15 of these PhCRN sequences  showed the best hit were performed  for 8 of them  using  quantitative  RT- 
against   Phytophthora    infestans;  the   remaining 
sequences best matched  Phytophthora capsici (Addi- 
tional file 11). This result suggests that P. halstedii  is 
closer to Phytophthora  species than to H. arabidopsi- 
dis based on their CRN profiles. This provides new 
insight with respect  to the relationship  between the 
pathogenicity  profiles of the oomycetes, which was 
not anticipated according  to [32]. Most of the pre- 
dicted  sequences exhibited the best hit against 
uncharacterized proteins  from Phytophthora  sp. and 
did not give any clue regarding  their putative func- 
tion. Intriguingly, PhCRN_04, _06 and _11 include an 
InterPro  domain,  IPR002575, which corresponds  to 
an aminoglycoside phosphotransferase domain that is 
typically found in bacterial genes and confers antibio- 
tic resistance by phosphorylation  [39]. As none of the 
predicted PhRXLR effector peptide  sequences  showed 
a hit against the same database, this suggests less spe- 
cificity in PhCRN effectors than in RXLR effectors. 
 
Our  data indicate,  for the first time, that  P.  halstedii 
exhibits the same kind of CRN and RXLR  cytoplasmic 
effectors that  have been found  in other  oomycetes  and 
that  there  is greater  specificity in RXLR effectors than  in 
CRN effectors. 
 
Time course  for PhCRN effector  expression during H. 
annuus * P. halstedii  interactions 
To validate the in planta  expression  of some  of  these 
putative  effectors, time course  expression  experiments 
PCR (qRT-PCR).  cDNA  samples were  obtained  from
three  independent  inoculation  tests from two genotypes 
(XRQ and  PSC8) infected  with  two P. halstedii  races 
(710 and 334), which induced  incompatible  (XRQ/710 
and PSC8/334) and  compatible  (XRQ/334  and PSC8/ 
710) interactions.  In the  non-inoculated plant  samples 
(control),  no expression  was detected  with the set of pri- 
mers that was used, suggesting P. halstedii specificity. In 
the inoculated  plant  samples,  time  course  expression
values (-ΔCt) were  calculated and tested  for statistical 
significance using ANOVA with the following variation
factors: days  post  inoculation  (dpi), type of interaction 
(compatible vs. incompatible), and P. halstedii  race (Fig- 
ure 5a). 
The  time  course  response  was found  highly  statisti- 
cally significant as stated  by ANOVA (see Methods  and
Figure  5a),  with  a  general  increase   in  expression
observed   between   3   and   14   dpi   for   PhCRN_01, 
PhCRN_02,  PhCRN_03,  PhCRN_04,  and PhCRN_05, 
whereas PhCRN_11 was repressed  at 3 dpi and was sub-
sequently  expressed  at the  same  level as the  control
genes  (-ΔCt  close  to 0, Figure  5b). In contrast,  the 
expression  of PhCRN_07  and PhCRN_09  did not  vary 
significantly according to inoculation  time but did show a
differential induction  between  710 and 334 races (Fig- 
ure 5a). 
A difference in the time course of expression between 
compatible  and incompatible  interactions  was found for 
PhCRN_03  and PhCRN_04, which were less  expressed














Figure  5 Time course  analysis  by  Q-RT-PCR  of 8 putative  PhCRN effectors.  a.  Table  of  the p-values  obtained  by ANOVA  
analysis corresponding to following effects: block (for biological repetition), dpi (3, 6, 10 and 14), race (710 and 334), “type” (compatible: XRQ-
334/PSC8- 
710 vs. incompatible: XRQ-710/PSC8-334), and the interactions between these 3 effects. Highlighted p-values are significant at Bonferonni test (a 
= 0.05 for the eight genes and for each tested effect). b. Time-course expression of 6 putative P. halstedii  PhCRN effector genes, by Quantitative 
RT-PCR analysis,  showing significant dpi effect. c. Time-course expression of 2 putative P. halstedii  PhCRN effector genes, by Quantitative RT-PCR 
analysis, showing significant type effect. d. Time-course expression of putative P. halstedii  PhCRN11  effector gene, by Quantitative RT-PCR analysis,  
showing significant race effect. (b, c and d) Mean expression values (- ΔCt) and standard errors are given from three independent  biological 







significance) in incompatible than  in compatible interac- 
tions (Figures 5a and 5c). A statistically  significant dif- 
ference   in  the   expression   levels   during   infection 
between   race   334   and   race   710   was   found   for 
PhCRN_11 that  was independent of the type of interac- 
tion,  suggesting  that  this  effector could  play a role in 
the aggressiveness of the race (Figures 5a and 5d). 
 
Search  for polymorphic sites  in effector  sequences for the 
four races  of P. halstedii 
Using the available sequences  from the four P. halstedii 
races, specific assemblies  were built for each race  (see 
Methods)  based on  the highest  frequency of  alleles at 
each nucleic  acid position.  These  results  were used to 
search  for polymorphisms in the  PhCRN and PhRXLR 
DNA and predicted  protein sequences  (Table 1; nucleic 
acid and predicted  peptide  alignments  are provided  in 
Additional  file 12). 
Seven of the 15 putative  CRNs were found to  exhibit 
polymorphisms at the DNA level with a  relatively high 
frequency  of non-synonymous changes, leading to modi- 
fication of the proteins’ composition  that  may result  in 
an alteration  of the proteins’ function  or conformation. 
This could indicate  a likely change in the effector profile 
of the race. As seen in Table 1, some clusters contained 
several polymorphic sites. 
In contrast,  none  of the tested  RXLR proteins  were 
found  to be polymorphic.  This  might  be due  to lower 
read  counts  in the  different  races for these  potential 
effectors.  Additionally,  the  search  for  polymorphisms 
was performed  using effector transcript sequences,  and 
it is possible that  non-coding upstream  sequences  are 
more  polymorphic.  Alternatively,  this could mean  that 
the  variability in CRN and RXLR does not  expand  in 
the  same  manner;  CRN effectors  appear  to be  more 
conserved  across species but to present  higher variability 
within  species, whereas  RXLR effectors  are less con- 
served  between  species  but  show  reduced  variability 
within species. 
 
Inter-racial  and  Intra-racial polymorphisms 
These polymorphisms were detected  by comparing the 
predicted peptide sequences of the different races based 
on the most frequent  allele detected  for each race. How- 
ever, this does not mean that each race has a unique pro- 
file. For example, non-synonymous polymorphisms  for 
PhCRN_4 are observed within race 710 (Table 1). Intra- 
racial polymorphisms seemed to be the general pattern: 
as shown in Table 2, synonymous  or non-synonymous 
SNPs are both (i) frequently  observed within a race and 
(ii) associated with significant or non-significant  differ- 
ences between races, depending  on the case. 
There are several possible explanations  for this result. 
It may represent  polymorphisms within a race  that  are 
due to one heterozygous  genotype (where the allele fre- 
quencies  are close to 50%), a mixture  of  homozygous 
genotypes or a mixture  of these two situations, with the 
last possibility being more  likely  based on the frequen- 
cies that  were observed.  Alternatively, this result  could 
be related  to the  definition  of a “race”, which  is not  a 
clonal genotype but an isolate showing particular  differ- 
ential  responses  when inoculated  into a set of selected 
sunflower lines [2]. Whatever  the case, intra-racial poly- 
morphisms  may not  be linked to interactions  between 
these  races and the nine  different  sunflower  lines that 
are usually used to differentiate  P. halstedii races. How-
ever, including  other  genetic  backgrounds on the host 
side could allow for better  discrimination of pathogen 
intra-racial polymorphisms. 
A factorial correspondence analysis (FCA) was  per- 
formed  on a data  table  (Additional  file 13) in  which
each cell contains  the  number  of reads  obtained  for 
each of the four P. halstedii  races and  each CRN SNP 
as a combination of the CRN  effector, SNP positions 
leading to a non-synonymous variation, and amino acid 
substitutions (Figure 6). This analysis makes it possible
to visualize the genetic distances between  the four races 
based on their SNPs. The genetic distances between  the 
three races 100, 703 and 710 and the FCA diagram  indi- 
cate  significant  differences,  in  accordance  with  the 
hypothesis  of three  genetically  differentiated  groups  of 
P. halstedii  races  [10]. Certain  SNPs  could allow for 
clear differentiation  between  race 304 and race 100 (Fig- 
ure 6), which has not been observed previously [10]. 
The use of these  new SNP markers  located in  putative 
effector sequences  should  provide an additional  tool to 
extend  the polymorphism analyses allowed by the  12 
previously published  EST-derived  markers  [11].  They
should  also  lead  to  a  better  definition  of  what  the 
genetic structure of a “race” is and allow for better  dis- 
crimination  between  races, which will  make it possible
to re-evaluate  the  genetic  structure  and  evolution  of 
populations  of P. halstedii. Moreover,  SNP markers  are 
considered the most useful markers  in diploid organisms 
because they  are co-dominant, specific and easy to use 
with  new  genotyping  techniques.  It is important  to 
extend this work in the future by sequencing additional




This  study  represents  a substantial  improvement  of 
existing knowledge regarding P. halstedii sequences that
are expressed  during the interaction  of this species with
sunflowers. This work also reveals infection  mechanisms 
similar  to those  observed  in  other  oomycetes  and the
presence  of putative  RXLR  and  CRN effectors.  Using 
polymorphic   sites  in  CRN  effector  sequences,   the 
 
 









Table  1 Polymorphism nucleic  and  amino  acid site  detection for 7 putative CRN observed on four P.halstedii races 
(100, 304, 703, and  710) 
 









PhCRN_01 LRLFLAK 58 V/A 131 T/C 394
  Synonymous T/C 440
  E/G 261 A/G 784
  I/F 264 A/T 792
  E/D 281 A/T 845
  M/V 441 A/G 1323
PhCRN_03 LELSLAK 56 R/K 373 A/G 1122
PhCRN_04 LELSLAK 58 Synonymous C/T 1781
  Synonymous A/G 1937
  T/L* 508 A/C 1953
   C/T 1954
  L/I* 519 C/A 1986
  Synonymous A/G 2060
  A/D 558 C/A 2104
  L/P 568 T/C 2133
   T/C 2134
PhCRN_05 LQLFLAK 57 G/K 37 G/A 131
   G/A 132
  Synonymous G/T 823
  Synonymous A/T 946
  Synonymous T/A 948
PhCRN_06 IELFLSK 59 Synonymous T/C 1705
  Synonymous G/A 1706
  Synonymous C/T 1712
  Synonymous G/A 1714
  Synonymous G/A 1720
  I/T 505 T/C 1722
  E/K 506 G/A 1724
  L/T 508 C/A 1730
   T/C 1731
  L/I 519 C/A 1763
  Synonymous C/T 1816
  Synonymous A/G 1837
  G/C 555 G/T 1871
  A/E 558 C/A 1881
  A/T 561 G/A 1889
  Synonymous A/G 1900
  I/F 578 A/T 1940
  A/V 579 C/T 1944
  Synonymous A/G 1975
PhCRN_07 LKLSLAK 56 N/S 188 A/G 565
  L/W 258 T/G 775
  Synonymous T/C 1025
PhCRN_09 LELSLAK 50 Synonymous G/T 943
   Synonymous A/G 1084
*:  polymorphism within the race 710 only  





Table  2 Inter  and  Intra-racial polymorphisms for 4 putative CRN observed on four P.halstedii  races  (100, 304, 703, and 
710) 
 
Cluster Polymorphism site position SNP allele Race 100 Race 304 Race 703 Race 710 Khi-2
PhCRN_01 1323 A 3 6 27 8 20.88***
PhCRN_03 1989 G 6 15 6 16 98.81***
  T 1 17 0 19  
 1989 C 6 22 150 11 98.81***
 2009 A 6 25 100 25 3.49 
 2009 T 1 4 12 0 3.49 
 2012 T 7 16 100 5 24.91***
 2012 C 0 12 23 11 24.91***
 649 – 8 15 16 10 18.15***
PhCRN_04 1122 TA 3 6 2 21 2.21 
  A 10 18 20 16  
 1122 G 13 25 16 24 2.21 
 2104 A 2 7 2 12 7.82*
PhCRN_05 2123 C 8 12 13 10 9.22*
  A 3 12 2 13  
 2123 G 4 8 12 8 9.22*
 2133 TT 5 7 9 5  
 2133 CC 2 12 4 12 7.15 
 823 T 11 24 0 0 56.00***
  G 0 0 11 10  
Frequencies for each allele for each race are indicated. The khi-2 calculations refer to H0: similar frequencies between races at each position (df = 3, *: 






Figure  6 Factorial correspondence analysis (FCA) performed 
on the 4 races based  on the 22 SNPs observed within putative 
effector  sequences. Dudi.coa function (R software, ade4 package) 
was used to construct the CA factor map. The data table used for 
FCA was based on the absolute frequency observed for each CRN 
SNP (in red) for each race (100, 304, 703 and 710, in blue). 
observed  genetic distances  between  three  races (100, 703 
and 710) were shown to be in agreement  with the con- 
clusions  of Delmotte  et al. [10]. Certain  SNPs might 
allow for clear differentiation  between  races  304 and 
100 (Figure 5), which has not  been detected  previously 
[10]. 
To  improve  the  knowledge  regarding  the  genetic 
structure of P. halstedii  populations,  it is  necessary  to 
obtain  polymorphism  data for all of the  recorded  races 
and to include  different  geographical  isolates for each 
race, particularly  because  intra-racial  polymorphisms 
appear to be  significant in this  study.  These  results 
increase interest  in reassessing the current  classification 
of P. halstedii isolates based on a description  other  than 
their interaction with different  sunflower lines. This re- 
evaluation  could  be performed  using  a larger  set of 
molecular  markers,  particularly SNPs, that occur mainly 




Plant  and  oomycete materials 
Two  inbred  sunflower  lines, XRQ (resistant  line)  and 
PSC8 (susceptible  line), were infected with  Plasmopara 
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using  an  infection  method  previously  described  by 
Mouzeyar  et al. [40]. Entire  plants  were harvested  at 
14 dpi and were immediately  frozen in liquid  nitrogen 
and stored  at -80°C. 
P. halstedii  spores (from races 100, 304, 703 and 710) 
were provided by Dr. D. Tourvieille de Labrouhe (INRA 
Clermont-Ferrand, FRANCE). They were collected from 
the inbred sunflower line GB (susceptible to all races) in a 
confined culture chamber with the same infection method 
described above [40]. Cotyledons covered with dense whit- 
ish fluffy growth of zoosporangia  and sporangiophores 
were placed in water and shaken to separate  oomycete 
material from the sunflower cotyledons. The liquid con- 
taining the sporangia was centrifuged at 2,000 × g, and the 
supernatant  was removed to concentrate  the solution. 
qRT-PCR  analyses  were performed  using  the  Bio- 
Mark™  system (Fluidigm corporation,  CA,  USA). The 
XRQ and PSC8 plants were inoculated with P. halstedii 
race 710 as previously described,  leading  to either  an 
incompatible  or compatible  interaction,  respectively. 
They were also  independently infected  with race 334 
(XRQ susceptible,  PSC8 resistant)  with three  replicates. 
The  aerial portions  of the plants were sampled  at 3, 6, 
10 and 14 dpi and immediately  frozen in liquid nitrogen. 
 
DNA extraction 
DNA was extracted  using the DNeasy mini kit (Qiagen 
USA, Valencia, CA). DNA quantity  and quality was esti- 




RNA was extracted  with the Qiagen  RNeasy Midi  Kit 
(Qiagen  USA, Valencia, CA), and  the quantity  of  RNA 
was estimated  using an ND-1000  Spectrophotometer 
(NanoDrop  USA, Wilmington,  DE). RNA quality  was 
verified using an Agilent Bioanalyzer 2100 LabChip and 
an Agilent RNA 6000  Nano  kit (Agilent Technologies, 
USA) as well as  being evaluated  on a 2% agarose  gel 
stained  with ethidium  bromide. 
 
cDNA synthesis and normalization 
For this step, the protocol  described  by Novaes et  al. 
[24] was followed with minor  modifications.  cDNA was 
synthesized  from 1-2 μg of RNA, and the  incorporated 
adaptors  were removed  in silico after sequencing. 
 
454 sequencing and assembly 
Two samples,  infected  XRQ and infected  PSC8  (each 
containing  approximately 14 μg of normalized  cDNA), 
were sent to the EPGV team  at Evry (France) for library 
construction and sequencing  at CNS Evry (France). 
The sequencing  runs were performed  on a Roche 454 
GS-FLX TITANIUM  sequencer  following the manufac- 
turer’s recommendations. An initial filtering was performed 
on base quality: reads shorter  than 50 nucleotides were 
removed, and of the remaining reads, those that contained
more than 50% Ns were also removed. The sequences were 
cleaned up to remove adaptor sequences in silico. All of the 
reads obtained are available at ENA (European Nucleotide 
Archive  [41]),  accession  #s  ERP000522,  ERS023538, 
ERS023539, ERX010280, ERX010281 and from ERR029545 
to ERR029553). Clustering was carried out with a modified 
version of TGICL [42] permitting parallelization on SGE 
computer clusters and performing  data pre-processing to 
remove redundancy  (using the nrcl and tclust software pro-
vided in the TGICL package). TGICL (-p 97 -l 40) was run
on the cleaned data generated  in this study merged with H. 
annuus  sequences available from public domains (January 
2009). For polymorphism analyses, longer PhCRN and 
PhRXLR sequences were obtained from a new clustering 
assembly performed on HP and H. annuus sequences sup- 
plemented  with 800,000 new, cleaned cDNA sequences. 
These supplementary  sequences were obtained from inde- 
pendent  454 sequencing  of cDNAs from the susceptible
sunflower line GB inoculated with the 4 races and har-
vested at 10 to 14 dpi using the same clustering protocol  as 
before. Approximately 211,000 clusters and singletons were 
generated (with an average length of 447 bp and a median




Heliagene (http://www.heliagene.org) is a bioinformatic 
portal that  was developed to analyze Helianthus  sp. EST 
data found  in public databases (January 2008). Heliagene
provides a variety of  pre-computed analyses and tools 
for EST clusters  and  for exploring  gene function  and
protein  families in a user-friendly  fashion. The HP por-
tal was created on the same principle  (using Helianthus
sp.  EST  data  found   in  public  databases)   but  also 
includes  publically available sequences  of P.  halstedii 
and 454 reads provided  by this work. 
 
Creation  of oomycete (OOM) databases and searches for 
RXLR and  CRN motifs 
A database  containing  345,155 sequences  from  oomy- 
cetes represented by Phytophthora (220,253),  Pythium 
(105,043), Hyaloperonospora (14,589),  Aphanomyces 
(3602), Saprognelia  (1513) and  Plasmopara  (155) has 
been  built  to classify the HP  expressed  sequences.  In 
addition  to the mRNA  sequences available from NCBI, 
this database  includes gene models predicted  from the 
genomic  sequences of Hyaloperonospora  arabidopsidis 
that were made available to the scientific community  in 
December  2010 [30]. The OOM  database  is available for 
BLAST queries  at http://www.heliagene.org/HP. 
The  search  for  matches  with the  RXLR and  CRN 
effectors  was performed  with PSI-TBLASTN  (PSSM) 
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using  the  annotated sequences  that  were available  in 
NCBI in March  2010 as models for each type of effector 
[35]. 
 
Primer  design and  PCR amplification 
Primer  pairs were designed  using Primer3  (Tm = 60°C ± 
1,  20  nucleotide   primer  length,  100-400  amplicon 
length) [43]. PCR amplifications  were performed  with 20 
ng of DNA, 75 μM  each  dNTP,  0.75 U of Taq  DNA 
polymerase (GoTaq,  Promega), 1X* Taq Polymerase  buf- 
fer and 0.6 μM each  primer. Amplification  was carried 
out  in a  Mastercycler  pro S Eppendorf  thermocycler  
using 46 cycles of 94°C for 30 s, 60°C for 30 s and 72°C 
for 50 s. The obtained  PCR products  were separated  by 
TAE agarose gel electrophoresis. 
 
Polymorphism detection 
First, a sequence  assembly was obtained  independently 
for each P. halstedii  race using CAP3 [44] with overlap 
percent  identity  cutoff parameter  set  to 90% and other 
parameters let to  default  values. Then,  the predicted  
peptide  from  the   cluster  was  used  as  a  query  in 
TBLASTN  searches  with these  assemblies  as targets. 
The predicted  peptide  sequences  for the races were then 
aligned together  with the predicted  peptide  sequence of 
the cluster  to detect  non-synonymous variations.  Only 
the polymorphisms  that  were found  within  the  region 
that exhibited the highest level of similarity between the 
races were selected,  to account  for the  fact that  other 
variations  could  be due  to errors  in  454 sequencing. 
Finally, the nucleotide  sequence  of  each race was used 
as a query in BLASTX against the peptide  prediction  of 
the cluster  as a target  to identify SNP positions. 
 
Time course  analysis  of putative PhCRN effectors by qRT- 
PCR 
Total RNA from aerial portions  of inoculated XRQ and 
PSC8 plants  were extracted,  and  first strand  cDNAs 
were synthesized  from 1 μg of total  RNA  using  Tran- 
scriptor  Reverse Transcriptase (Roche  Applied Science, 
Indianapolis,  IN, USA) and oligonucleotide  d17T-V pri- 
mers  following the  manufacturer’s  recommendations. 
qRT-PCR was  performed  using Fluidigm™ technology 
following Spurgeon  et al., [45] in a 96*96-well plate. Pri- 
mers  were designed  using Primer3  (Tm = 60°C ± 1, 20 
nucleotide  primer  length,  120-200  amplicon  length). 
The  results  were subjected  to quality  assessment,  and 
the obtained  fluorescence  data were converted  to Cycle 
threshold  (Ct) values using  Fluidigm  Real-Time  PCR 
Analysis Software version 3. Using two reference P. hal- 
stedii genes (AY773346.1, an internal  transcribed  spacer, 
and a gene encoding  a ribosomal  protein,  L13e), a ΔCt 
of each gene. ANOVA was then  performed  to test  for 
significance (see Methods  - statistical  analysis below). 
 
Statistical analysis 
FCA was performed  using R (version 2.9.2, function dudi. 
coa from the ade4 package). For the quantitative RT-PCR 
time   course   experiments,   ANOVA  was   performed 
employing the SAS GLM procedure  for each gene with a 
test for each potential  effect (race of P. halstedii,  type of 
interaction, days post inoculation) and their interactions. 
Statistical significance was checked based on a Family- 
Wise Error Rate of 5% for each effect, leading to a p-value 




Additional file 1: List of 405 specific oomycete clusters. Contains 
cluster length, numbers of reads in XRQ and PSC8 samples, tested by 
PCR amplification and best hit on different databases (InterPro,  Go, 
TAIR and OOM). 
Additional file 2: 405 specific oomycete clusters sequences. In fasta 
format. 
Additional file 3: List of 172 non specific oomycete clusters. 
Contains cluster length, numbers of reads in XRQ and PSC8 samples, 
tested by PCR amplification and best hit on different databases (InterPro,  
Go, TAIR and OOM). 
Additional file 4: 172 non specific oomycete clusters sequences. In 
fasta format. 
Additional file 5: List of 52 putative oomycete verified by PCR 
amplification. Contains PCR amplification results on H. annuus and P. 
halstedii  DNA, PCR product size, primer sequences used and origin of the 
selected HP (Oomycete specific or oomycete non specific). 
Additional file 6: List of 130 specific plant  clusters (with “defense”, 
“disease” and “pathogenesis” keyword  search). Contains cluster 
length, PCR amplification results on H. annuus and P. halstedii  DNA, PCR 
product size, primer sequences used and best hit results on InterPro, Go 
and TAIR database. 
Additional file 7: 22 specific Helianthus annuus clusters  sequences 
identified  by PCR. In fasta format. 
Additional file 8: List of 20 putative RXLR and CRN effectors  found 
by PSI-BLAST (E-value 1e-04). Contains cluster length, number of reads, 
motif found, signal peptide presence probability, its sequence and 
InterPro Scan results. 
Additional file 9: 20 putative RXLR and CRN effector  sequences 
found  by PSI-BLAST. In fasta format. 
Additional file 10: 20 putative RXLR and CRN effectors  predicted 
peptide sequences. In fasta format. 
Additional file 11: 15 putative CRN effectors  best hits against  OOM 
(with E-value and % Identity). 
Additional file 12: Alignments  of nucleic acid and predicted 
peptides of PhCRN putative effectors  showing  polymorphisms. 
Additional file 13: FCA analysis dataset for the polymorphic P. 
halstedii putative effectors. Contains the original dataset (number of 
reads presenting each SNP for each race) and FCA analysis results (row 
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This  analysis  was  a  precursor  work  enabled  to  take  benefit  of  the  use  of  high 
throughput  NGS  for  increasing  EST  resources  of  P.  halstedii.  It  allowed  to  optimize  the 
material preparation,  sequencing optimization and  in  silico analysis with  the bioinformatic 
portal construction. This work was followed by another sequencing of cDNA from four races 
already mentioned  in  the  paper,  but  this  time  only  on  a  compatible  sunflower  host,  the 
inbred line GB, and a complete sequencing of P. hasltedii race 710 is currently under way in 
the  laboratory. More effector  classes are  supposed  to be  revealed  in P. halstedii genome 
considering  the  infection mode  (by haustoria). Hence  these projects will certainly  increase 
the repertoire of P. halstedii effectors.  
Transcriptomic analysis of the compatible and incompatible interaction permitted to 
disclose  genes  implicated  in  the  pathogenicity/disease  and  in  the  resistance  of  the 





 22 HP clusters were  found expressed by the host  in  interaction with the pathogen. 
Among those eight NBS‐LRRs were highlighted. Having full length sequences for those genes 
would  help  investigating  their  type,  CC‐NBS‐LRR  or  TIR‐NBS‐LRR.  These  genes  are  of 
particular interest since Pl genes were localized in complex regions containing either CC‐NBS‐









permit  to reveal also  the enzymatic domain attached  to  the effector  translocation domain 
and thus the effector function. Manavella et al. (2009) proposed a transient transformation 
of  sunflower  using  Agrobacterium  tumefaciens.  This  technique  could  be  used  to  verify 
effector  role  in  pathogenicity  either  in  a  compatible  or  incompatible  interaction.  
Considering  the  intra‐race polymorphism and  the possible variation  in  isolates of different 
geographical origin for the same race, a re‐evaluation of the race organization of P. halstedii 
must be done. Sequencing effector sequences of the whole set of races (17 or 35) will reveal 
the  available  polymorphism.  So  checking  the  genetic  structure  of  the  “races”  using  the 




of  Olivier  Catrice  (LIPM  microscopic  plateform)  and  Amandine  Bordat,  we  used  flow 
cytometry  technique  already  described  by Marie & Brown,  1993.  Zoospores  and  infected 


































III.B. Fine mapping  of QRM1,  an Helianthus  annuus QTL  conferring 




performed  and  two  QTLs  where  detected  in  a  RIL  population  from  a  cross  between 
XRQ*PSC8  conferring  a  quantitative  resistance  in  field  against  P.  halstedii  race  710 
(Tourvieille et al., 2008 and Vear et al., 2008). In order to ultimately discover the function of 
the genetic factor behind the major QTL QRM1  located on the  linkage group 10 (LG10), we 
were  interested  in  its fine mapping and positional cloning. At the beginning of this project, 
we were  fully aware  that  the genomic  sequence of H. annuus was not available and  that 
positional  cloning will  not  be  achieved  during  this  thesis.  However we  invested  in  tools 
(production  of  new  recombinant  events  with  the  interval  support,  phenotyping 
methodology, BAC  library, HRM  technique  for genotyping, NGS …) allowing  to set up solid 
basis to fine mapping and further more to positional cloning. 
III.B.2. Project Article 
Contributed  persons: As‐sadi  Falah,  Pouilly Nicolas, Vautrin  Sonia, Boniface Marie‐
Claude, Walser Pascal, Serre Frederic, Bleys Benoit, Bordat Amandine, Vear Felicity, 
Tourvieille Denis, Berges Helene, Godiard Laurence, Vincourt Patrick  





Plasmopara  halstedii  is  considered  as  a  major  pathogen  affecting  sunflower 
(Helianthus annuus) culture worldwide, causing downy mildew symptoms with dwarfing and 
infertile  capitulum.  P.  halstedii  is  a  soil,  wind  and  seed‐born  pathogen.  At  favourable 
temperature and moisture conditions,  it  infects  seedling  roots  (primary  infection) or plant 
leaves (secondary infection). 
Genetics  and  chemical  seed  treatment  have  been  used  to  control  this  disease. 
However, following the apparition of resistance to this chemical in some P.halstedii isolates, 
the genetic control becomes the most efficient way. Pl genes are major resistance genes (R‐
genes)  conferring  complete  race‐specific  resistance.  Pl  genes were  considered  initially  as 
single  independent genes but  segregating analysis demonstrated  that  they are  clusters of 







LRR  and  non‐TIR‐NBS‐LRR  classes  (Dangl  and  Jones,  2001).  Mouzeyar  et  al.  (1993)  have 
characterized  the microscopic  aspects  of  downy mildew  infection  in H.  annuus  seedlings. 
Using a susceptible line HA89, P. halstedii (race 100) was observed at 2 dpi in the basal part 
of hypocotyls  in  form of mycelium  infesting  the  intercellular  spaces. At 3 dpi,  intercellular 
mycelium  and  haustoria  were  well  developed.  At  5  dpi,  infection  is  systemic  to  whole 
hypocotyls. Myceliums are observed at 10 dpi in the interface hypocotyl/epicotyl; 3 to 4 days 
afterwards  downy  mildew  symptoms  are  observed  on  cotyledons  where  P.  halstedii 
mycelium  have  infested  the  cotyledons  and  sporulated  into  sporangiophores.  In  resistant 
lines  RHA266  (Pl1)  and  RHA274  (Pl2),  infection  was  limited  to  the  basal  part  of  the 
hypocotyls.  It  seems  that  the  collar  is  a  critical  region  where  resistance  is  expressed. 
85 
 
Programmed  cell  death  (PCD)  inducing Hypersensible  reaction  (HR) was  observed  in  cells 
surrounding  intercellular mycelium  and haustoria with  an  accumulation of  callose,  lignine 
and ROS.  
No  avirulence  gene  from  P.  halstedii  has  been  identified  yet, whereas  several  avr 






increase  of  virulent  isolates  of  P.  halstedii  is  observed  in  the  fields  where  commercials 
hybrids containing Pl genes were widely used. Breakdown of Pl genes would have a dramatic 
consequence  on  sunflower  crop;  consequently  durability  of  genetic  resistance  became 
increasingly under  investigation. Quantitative disease  resistance  (QDR) was proposed as a 
potential durable genetic solution (Poland et al. 2009). Quantitative resistance is defined as a 
host plant resistance conferring a reduction of disease rather than an absence of disease. In 
























of  the  phenotypic  variability  of  resistance  to  race  710  (with  LOD  of  11.3  and  4.5 
respectively). The  strongest QTL was  located on LG10 and explains 25% of  the phenotype 
variance.  This QTL will  be  called QRM1,  for Quantitative  Resistance  to  downy Mildew  1, 
further on in this article. The second QTL (QRM2) was located on LG8.  The parental inbred 
line XRQ harbours  the  “favourable”  alleles of  the QTLs  (QRM1‐R  and QRM2‐R)  conferring 
quantitative resistance, but it also harbours Pl5 gene. PSC8 harbours  Pl2 gene which confers 
resistance  to  race  334  but  not  to  race  710,  and  the  QTL  alleles  which  do  not  confer 
quantitative resistance (QRM1‐S, QRM2‐S), and is therefore full susceptible to race 710. 
This study aims to genetically and physically map the major QTL (QRM1) by the use of 
a map‐based  cloning  approach  performed  on  two  sunflower  BAC  libraries,  one  of which 
being  constructed  through  this work  ,  and  to  establish  a  quicker  phenotyping method  in 
controlled environment mimicking  field  conditions  . Using  a  cytological method,  in planta 






INRA  inbred  lines XRQ  (Pl5, pl2 and QRM1‐R), PSC8  (pl5, Pl2 and QRM1‐S), and  the 
population of RIL at F10 generation developed from the cross between XRQ and PSC8 have 
been  involved  in  this  study.  When  necessary  in  order  to  avoid  artefacts,  the  RIL  were 






New  recombinant  events  in  the  support  interval  of  QRM1  were  produced  in 
developing F2 to F8 generations from the cross between XRQ and PSC8: F2, F4, F6 progenies 
were  produced  by  selfing  and  genotyped  in  Toulouse  France  whereas  F3,  F5  and  F7 
progenies were selfed during winter time in the INRA Domain of Godet (Guadeloupe)  









1993.  The  entire  plants  were  harvested  at  14  dpi  and  immediately  put  in  FAA  solution 
(Formaldehyde::Acetic acid::Ethanol; 5:5:90 v::v::v) for tissue fixation.  
Sample  preparation  and  image  acquisition Hypocotyls were  cut  into  3  segments: 
basal  (including  collar), middle  and higher part  (including  cotyledon node). Cross‐sections 
(200‐250µm thick) were produced from each of the three segments by transversally cutting 
with  Leica  VT  100S  vibratome.    The  resulted  cross‐sections  were  stained  with  0.1% 
lactophenol  blue  in  0.1  M  phosphate  buffer  (pH=8)  for  one  hour.  Cross‐sections  were 
observed under Axioplan 2 imaging microscope from Zeiss, under UV filter.  
Data  analysis  Using  ImageJ  software,  total  area  of  every  cross‐section  and 
percentage of  the oomycete occupied area  in  the cross‐section were calculated. Statistical 
analysis was performed using R software.  
III.B.2.b.3. BAC  library  construction,  pooling,  screening 
and BAC end sequence mapping 
Sunflower HA335 BAC library was already available in CNRGV constructed by Bouzidi 








digestion  with  HindIII  and  2  steps  of  size  selection,  DNA  fragments  were  ligated  into 
pIndigoBAC‐5 vector and cloned in DH10B T1R E.coli bacteria cells. Clones were plated in LB 
agar with Choramphenicol (Cm) 12.5µg/ml thus robotically picked with QPIX2 GENETIX  into 











unique  clones  from  the  32  plates  (0.41X  coverage).  1µl  of  each  pool was  amplified with 
Phi29 enzyme (Genomiphi v2 GEHealthcare) and diluted 1/200.  
PCR screening: 2µl of diluted  template are used  for each PCR  reaction. 14 PCR are 





on  the  cloning  vector  pINDIGOBAC5  on  each  side  of  the  insert  sequence were  run  and 
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in SNES –GEVES Angers and  in  INRA Toulouse.  Infection of 2 week‐old plants was done by 
spraying  the  leaves with  a  downy mildew  zoosporangia  suspension(104  spores/mL),  in  a 
growth chamber (18°C, 16 h day period, 80% humidity). The trays (10 plants per genotype) 









2008). Another  set  of  SSR were  also  identified  from BAC  sequencing  and mapped.  These 
markers were genotyped using M13 tailing scheme (ref: Schuelke 2000 ; Vear et al. 2008b). 
Single nucleotide polymorphisms  (SNP) were genotyped by High Resolution Melting  (HRM) 
detection method  using  LC480  (Roche Diagnostics  Corporation,  Indianapolis,  IN))(  Erali & 






The  CARTHAGENE  software  (de Givry  et  al.  2005) was  used  to  construct  different 












to  the genetic map built  from  the RIL population on LG10,  to  reach a  total of 54 markers 
including 19 SSR, 3 BAC derived markers, one Mendelian trait (recessive branching) and  31 
SNP.  Those markers are originated from already public sunflower map (GIE Cartisol; Tang et 









A  BAC  library was  already  available,  constructed  from  HA335  genotype.  This  BAC 
library represents 5X sunflower genome equivalent with an average size of 118 kb (Bouzidi 
et al, 2006). However, HA335 was not expected to harbour QRM1‐R. Therefore, a BAC library 





screen back  the BAC  libraries. Newly screened BACs were validated  if at  least one of  their 
BES amplified a PCR fragment at the right size from the BAC which BES marker is originated 
from.    Non  repetitive  BESs  allowed  to  generate  several  markers  that  were  genetically 
mapped on RILs population and were also used  in turn to screen BAC  libraries. Beside BES, 
nine  BACs  (H335‐138J01, HA335‐320L06, HA335‐384B24,  XRQ‐203A10,  XRQ‐207B15,  XRQ‐
209L04,  XRQ‐262F10,  XRQ‐320I04,  XRQ‐412D15)  were  sequenced  to  identify  putative 
markers  (SSR  and  ESTs).  Repeat  sequences  and  retrotransposons,  identified  by  blastn  or 













III.B.2.c.3. Microscopic  characterization  of  QRM1 
phenotype by quantification of P.halstedii in planta levels 
Quantitative  resistance  does  not  seem  to  activate  HR  in  infected  seedling.  So  it 
seemed  necessary  to  characterize  by  other  ways  the  phenotype  associated  with  this 
quantitative  resistance.  Microscopic  study  was  our  first  attempt  to  understand  the 
mechanisms underlying this type of resistance. Two inbred lines XRQ (possessing Pl5, pl2 and 
QRM1‐R) and PSC8 (pl5, Pl2 and QRM1‐S), as well as some of their RIL descendant: L22 (Pl5, 
pl2  and  QRM1‐S),  L32  (pl5,  pl2  and  QRM1‐S),  L43  and  L88  (pl5,  pl2  and  QRM1‐R) were 
infected with P. halstedii  (race710). Cross‐sections were produced  from 14 dpi hypocotyls 
and  stained  with  lactophenol  blue  which  was  expected  to  attach  to  collagen/callose 
compounds  of mycelium  and  haustoria.  Fluorescent  points were  observed  in  intercellular 
spaces  revealing  the  presence  of mycelium  and  haustoria.  Therefore,  images were  taken 
from cross‐sections originated  from basal  region of hypocotyl  (collar) and upper  region of 
hypocotyl (cotyledon node), then were treated using ImageJ software (Figure III‐11a). Total 
area of the section  and the surface percentage of the fluorescent points were calculated to 
determine  the area percentage occupied by  the oomycete. Three different section  images 
were processed by segment and by genotypes and  in 3 replicates. After statistical analysis, 
no  significant  difference was  observed  between  segments  in  each  genotype,  presumably 
expected  to  reflect  time  course  effect,  whereas  differences  between  genotypes  were 
detected (Figure  III‐11‐b). Genotypes possessing Pl5  locus, which confers resistance to race 
710, have shown a  limited colonization of P. halstedii  in  intercellular spaces. On  the other 
hand,  genotypes  not  possessing  any  resistance  genes  or  genotypes  possessing  inefficient 
resistance genes presented an important infection with high level of colonization. Significant 
differences  were  confirmed  between  resistant  lines  and  susceptible  lines.  These  results 
validated previous study done by Mouzeyar et al.  (1993) by confirming same observations 
with Pl5  locus as  for Pl1/Pl2/Pl6  loci. Concerning genotypes possessing only QRM1‐R,  L43 
and  L88  have  presented  an  intermediate  colonization  between  susceptible  and  resistant 
levels with no  statistical  significant differences with either  the  susceptible or  the  resistant 
phenotype. These results indicate that QRM1‐R affects pathogen growth.   






Figure  III‐11 a‐ Cross  section of  infected hypocotyls of  sunflower  (PSC8)  revealing oomycete  colonization  (fluorescent 



























Phenotyping  trials of  2004  and  2005  allowed  to detect  the quantitative  resistance 
against race 710. Data from 2004 and 2005 were significantly positively correlated (R²=0.50) 
with results allowing to detect QRM1 and QRM2. Using the common phenotyped RILs, 2010 
trials  in Toulouse and Clermont‐Ferrand were  tested  for  their  correlation with  the  results 







presenting  any  disease  symptoms:  %  resistance  Toulouse  2010)  was  only  of  20% 
(R²=0,2)(Figure  III‐12a) whereas when  it’s compared to Clermont‐Ferrand 2010,  it was only 
of 1%  (R²=0,01)  (III‐12b),  indicating a very  low  to  low correlation between  trials. Even  the 
trials of the same year (2010),  location R² between Toulouse and Clermont‐Ferrand was of 
7% (data not shown). These results show a  low repeatability of results across experimental 
conditions.  This was  certainly  due  to  a  lack  of  homogeneity  of  the  inoculum  in  the  soil 
associated  with  unfavourable  weather  conditions.  This  emphasizes  the  strong  need  to 














phenotyped  in the  frame of the  fine mapping project were derived  from the same genetic 
background,  thus  limiting  the  risk  to  involve  very  different  mechanisms  of  resistance. 
Observations  were  performed  at  14  dpi  by  recording  the  number  of  plants  presenting 
following  phenotype  on  leaves  and  cotyledons:  green  (V),  yellowed  (D),  presenting  small 
(PN),  medium  (MN)  or  important  necrosis  (IN),  presenting  sporulation  (SP)  or  systemic 
infection (SS). 73 F4 progenies and 15 RILs presenting recombination  in QRM1 region were 
phenotyped  together with  the  two parents XRQ and PSC8 and  the  four other well known 
control lines (Tourvieille et al., 2008) in SNES‐GEVES (Angers) in three replicates. A data table 
with  the different genotypes and  replicates as  rows,  the different classes of phenotype as 
columns, and the number of occurrence of a given phenotype in each cell was submitted to 
a  factorial  correspondence  analysis  (FCA)  to  describe  variability  among  phenotyped 
genotypes. The first axis of this FCA gives a scoring of the resistance, with however a clear 
separation  between  sporulation  phenotype  and  necrosis  phenotype  distinguished  by  the 
second axis (Figure III‐13). 
 




 Figure  III‐14  Comparison  of  controlled  environment  phenotyping  results  (Axis1  Geves)  to  Clermont‐Ferrand  field 
phenotyping results 
Comparing the results obtained in confinement chambers (scores on axis 1) with the 
data on RIL phenotyped  in Clermont 2004‐2005  shows  a quite  good  correlation  (R²=0.55, 
Figure  III‐14),  thus  validating  this  new  phenotyping method  in  confinement  chambers  to 
evaluate  the quantitative  resistance. However,  it would be of  interest  to understand why 
some  plantlets  presented  the  “sporulation”  phenotype  whereas  some  others  are  rather 
showing  the  “necrosis”  phenotype:  is  this  difference  genetically  or  environmentally 
controlled?  
Then the tests were performed in a different chamber in our laboratory to ensure the 
transferability  of  the  protocol  and  to  start  narrowing  the  target  region  of QRM1  (Benoit 
Bleys, M1 research internship). The 4 control genotypes previously used in the field (GB, FU, 
PR56  and  PSU7),  XRQ[Pl5,pl2,QRM1‐R],  PSC8  [pl5,Pl2,QRM1‐S],  RIL43  [pl5,pl2,QRM1‐R], 
RIL88  [pl5,pl2,QRM1‐R],  RIL32  [pl5,  pl2, QRM1‐S],  RIL22  [Pl5,  pl2,QRM1‐S]  and  13  newly 
produced RILs (F7‐F8) were phenotyped in 3 replicates. The 13 newly produced RILs (F7‐F8) 
are  not  harbouring  any  Pl  locus,  are  QRM2‐S  based  on  their  closest  marker  and  are 










However  differences were  observed  concerning  the  inoculated  first  pair  of  leaves 
compared  to  the  second  pair  of  leaves.  The  inoculated  leaves  presented  accentuated 
necrosis phenotype either  in healthy or diseased plants. This might be due to the chamber 
conformation  and  conditions.  However  the  observed  difference  did  not  affect  the  final 
results.  As  shown  in  table  III‐16,  the  RILs  (from  F7 
produced population) presenting PSC8 genotype (B) at 
HT189/X209L4c  markers  were  susceptible  whereas 
the  RILs  presenting  the  XRQ  genotype  (A)  at 
HT189/X209L4c  markers  were  either  susceptible 
(RIL155)  or  resistant  (RIL151  and  RIL134).  The  RILs 
presenting  the XRQ genotype  (A) at H138J1a marker 
and  PSC8  genotype  (B)  at  HT189  were  susceptible. 
These results must be tested on a  larger set of F7‐F8 










built  a map with  CARTHAGENE  in merging  different 
subset of data  (MERGEN command) to mimic several 
F2  segregations.  This  is  of  course  an  approximation, 
but it appeared that the exact approach would require 









As  seen  in  Figure  III‐17,  the QRM1 QTL  should  be  localized more  probably  in  the 




contig and SSL003 as  indicated  in  figure  III‐18 & 19. The QRM1 position obtained with  the 
original  INEDI  RILs  is  compatible  but  less  precise  ,  than  the  one  obtained  on  the  13  




















the  genotypes  harbour  resistance  against  race  100,  race  304  (closest  to  race  100)  was 
chosen  along  with  races  703  and  710  to  perform  the  test.  16  RILs  from  the  cross  of 












The  three  differential  lines 
showed  the  expected  phenotype 
according to their responses under 
the classical test used to detect the 
Pl  genes  (inoculation  of 
germinating  seeds):  PMI3  was 
resistant to both 304 and 703 races 
but  susceptible  to  race 710; QHP1 
was  resistant  to both 304 and 710 
races  but  susceptible  to  race  703 
whereas  Ha335  was  resistant  to 
both  703  and  710  races  but 
susceptible to race 304. 
Figure  III‐20  presents  plant 
distribution  according  to  a  FCA 
analysis  (same  approach  than 
above).  Three  classes  of 
phenotypes  are  observed  on  the 
RIL: healthy plants necrosed plants 
and  sporulated  plants. Due  to  the 
destruction  of  the  plants  after 
phenotyping, we were  not  able  to 
assess  if  the  necrosed  phenotype 
was  a  preliminary  stage  before 
sporulation,  or  a  hypersensitive 
reaction (known as HR) induced by the plant response, leading to the absence of sporulation, 
or  both.  Axis  1  of  the  FCA  (27%  of  observed  variability)  represents  a  scoring  for  the 
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susceptibility, with  two probable  symptoms  routes –expressed along Axis 2:   one  towards 
necrosis  and  another  one  towards  sporulation.  As  already  said  the  evolution  towards 





more often. Moreover, when evaluated  through  the  scoring provided by  the Axis 1,  their 
responses to race 710 and race 304 are relatively close, but are slightly different with race 
703.  





to  the  three  races,  showed  the  expected  phenotyped  as  the  most  resistant  genotype 
towards  the  tested  races.  The  RILs  having  the  supposed  resistant  allelic  form  of  QRM1 
(RIL262, RIL065, RIL025, RIL155, RIL185, RIL206, RIL187, RIL272, RIL043 and RIL088) showed 
a  similar  resistant  phenotype  against  race  710  as  RIL64  (indicated  by  negative  values  of 
Axis1‐710) whereas RILs presenting the supposed susceptible allelic form of QRM1 (RIL209, 






















genotyping  methods  (VeraCode  chip  and  Bead‐Xpress  plateform  from  Illumina),  this 
objective could be fully completed.  
Furthermore,  to  reveal  the  gene(s)  implicated  in  this  quantitative  resistance, 
transcriptomic analysis could be performed to point out the genes implicated in this type of 
interaction (see section below). 
The  microscopic  study  demonstrated  a  reduced  colonization  of  the  pathogen  in 





to  confirm  the  obtained  results  by  quantifying  the  pathogen  DNA  amount  reflecting  the 
colonization level in each section for every condition.   
Results exposed  in chapter 2  indicated  that phenotyping of quantitative  resistance, 
thought  difficult  compared  to  phenotyping  of  qualitative  resistance,  gives  satisfying 
conclusions  in  controlled  environment  and  in  less  consideration  in  the  field.  The  field 
phenotyping is conditioned by several conditions: primary inoculum, temperature, moisture, 
secondary  infecting  diseases,  technical  considerations....  whereas  the  controlled 
environment  offers  a  more  secure  solution  as  exposed  before.  However,  testing  large 
populations  in growth chamber with a cost per genotype probably higher than  in the  field 
might be also a limitation. The proposed phenotyping grid can be developed and FCA can be 
used to point out the most discriminant classes of symptoms and to score the phenotypes 
not  only  through  a  one‐dimensional  scale.    However  the QRM1  region was  limited  to  a 
corresponding  region  between  X209L04  BES  derived  markers  and  H138J1  BES  derived 
markers.   
At  the  beginning  of  this  project,  a  hypothesis  was  made  concerning  this  QTL: 
Tourvieille et al.  (2008)  suspected a  sort of  correlation between  the genotype dependant 
stage of germination and the  level of downy mildew symptoms. It seemed  like there  is  less 
attack on older seedlings. That is why we checked, at the beginning of this project, if QRM1 
was related to the germination stage. Using 277 RILs from a cross between XRQ and PSC8, 12 
seeds were  initiated  to germination by water soaking  in Petri dishes at 28°C. 3 days after, 
seed  radicles  were  photographed,  germ  lengths  were  measured  and  percentages  of 
germination were calculated (Figure III‐22). 
  
Figure  III‐22  Image of  germinating  seeds  (a) and  radical  length  (b) were  treated and  calculated using Photoshop and 
Matlab software tools 
  Using  these data, a germination  vigor  related QTL was  searched: a major QTL was 
found  that  mapped  on  the  same  LG  than  QRM1  (LG10),  but  meta‐analysis  through 
Biomercator indicated that there were two different QTLs (Figure III‐23 & Table III‐24).  This 



























III.C. Transcriptome  analysis  of  qualitative  and  quantitative 



















Downy  mildew,  caused  by  Plasmopara  halstedii,  is  one  of  the  major  diseases  of 
sunflower worldwide and can cause significant yield loss. Genetic control is the main method 
to  counter  this  disease.  The  genetic  resistance  is  conferred  either  by  Pl  genes  or  newly 
discovered resistance QTLs (QRLs).  




revealed that Pl6  locus  located  in LG8 contains TIR‐NBS‐LRR analogue genes  (Bouzidi et al. 
2002), whereas  Pl5/Pl8  locus  contains  nonTIR/CC‐NBS‐LRR  analogue  genes  (Radwan  et  al 
2003‐2004‐2005;  Bachlava  et  al.  2011).  Mouzeyar  et  al.  (1993)  showed  by  microscopic 
studies that Pl genes induce hypersensitive reaction (HR). In the case of Pl8 locus, a delayed 
HR  within  the  hypocotyls  of  sunflower  line  QIR8  was  associated  with  resistance  to  P. 
halstedii  race 300, occurring at 6 dpi  in host  cells penetrated by haustoria  (Radwan et al. 
2005b). Some sunflower homologous genes associated with HR  in other plant  interactions, 
such  as  hsr203J,  PR‐5,  PDF  and  CC‐NBS‐LRR  genes, were  shown  to  be  induced  earlier  or 

















Resistance  signal  transduction  pathway  was  already  investigated  in  several 
pathosystem  like Arabidopsis thaliana/Pseudomonas syringae‐Hyaloperonospora parasitica‐
Phytophtora  infestans,  Oryza  Sativa/Magnaporthe  grisea  and  many  cereals/Fusarium 
species  using  microarrays.  These  studies  have  revealed  wide  range  of  interacting  genes 




























recommendation  to  synthesize  fragmented  and  biotin‐labelled  single‐stranded‐DNAs with 
the  GeneChip®    WT  cDNA  Synthesis  and  Amplification  kit  and  GeneChip®  WT  Terminal 
labelling kit (Affymetrix, Santa Clara, CA). 
Quantity  of  the  cRNA  with  RiboGreen®  RNA  Quantification  Reagent  (Turner 
Biosystems, Sunnyvale, CA) was determined after cleanup by  the Sample Cleanup Module 
(Affymetrix).    15µg  of  cRNA were used  to  obtain  a  single  stranded  cDNA  quantified with 
NanoDrop® (Spectrophotometer ND1000, Thermo Fisher Scientific). 5.5µg of single stranded 





After hybridization,  the  arrays were washed with 2 different buffers  (stringent: 6X 
SSPE, 0.01% Tween‐20 and non‐stringent: 100mM MES, 0.1M  [Na+], 0.01% Tween‐20) and 
stained  with  a  complex  solution  including  Streptavidin  R‐Phycoerythrin  conjugate 






The  raw  CEL  files  were  imported  in  R  software  for  data  analysis.  All  raw  and 
normalized  data  are  available  through  the  CATdb  database 
(AFFY_Sunyfuel_drought_Sunflower,  Gagnot  et  al.  2008)  and  from  the  Gene  Expression 
Omnibus  (GEO)  repository  at  the  National  Center  for  Biotechnology  Information  (NCBI) 
(Barrett et al. 2007): accession number GSE25719. 
III.C.2.b.3. Affymetrix® GeneChip Data Analysis 
Sunflower  Affymetrix  GeneChip  WT  was  already  described  in  Rengel  et  al.  in 
preparation. For this study, we also considered only the 32 423 probesets corresponding  to 
the EST clusters made from at least one Helianthus annuus EST.  
Data  analysis  was  performed  in  R  environment  and  scripts  are  available  upon 
request. An ANOVA was  carried  out  in  order  to  determine  differentially  expressed  genes 
under  treatment  and  genotype  effects. Mean  common  residual  variance was  applied  to 
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probesets  sharing homoscedastic  values  in our model,  as  tested  according  to  the Bartlett 




race  710  and  334  in  3  replicates.  After  cold  grinding,  total  RNA  was  extracted  using 
NucleoSpin RNA plant from Macherey‐Nagel. RNA quantity and quality was estimated using 
Agilent  Bioanalyser  2100  LabChip  and  Agilent  RNA  6000  Nano  kit  (Agilent  Technologies, 





converted  in  Cycle  threshold  (Ct)  values  using  Fluidigm  Real‐Time  PCR  Analysis  Software 
version 3. Reference genes were  then  chosen among 7  sunflower  candidate genes. Three 
genes  (CG1447,  CG1449  and  CG1460)  for  which  the  distribution  of  Ct  values  don’t 
significantly change  in all  tested samples, were selected as  reference, and  the mean value 
was calculated for each cDNA sample. To normalize bias from RNA extraction and variation 
in  efficiency  of  reverse  transcription  the    ΔCt  value  of  each  sample was  calculated  ,  by 








(t= 3, 6, 10, 14dpi) and  r  is  the P. halstedii  race  inoculated  (r=334, 710). –ΔΔCt value was 
positive when gene was induced during the interaction and negative if it was repressed. The 
variation  in gene expression  level between conditions could be obtained by calculating: E‐
ΔΔCt, E being  the efficiency of PCR  (maximum = 2)  (Livak &  Schmittgen, 2001). Analysis of 
variance  (ANOVA) was used  to determine which  controlled effect  (treatment, dpi,  type of 
interaction and  race of P. halstedii) was  statistically  significant  to explain –ΔΔCt variation. 








Pl2  gene)  against  race  710  (PSC8  genotype)  presented  full  disease  symptoms  of  down 
mildew with sporulation (formation of sporangia) on cotyledons and  leaves starting 12 dpi. 
Inoculated plants possessing only QRM1 (RIL43 and RI88) showed a limited disease symptom 
with  light sporulation at ~13 dpi. None of  the mock  inoculated plants showed any disease 
symptom. 
For  Fluidgm  experiment,  independent  sampling  was  performed  from  Affymetrix 
experiment  sampling.  Same  observations were  obtained with  plants  inoculated with  race 
710. When  inoculated with  race  334,  Ph334‐inoculated  plants  possessing  Pl2  gene  (PSC8 
genotype) did not show any disease symptom. Ph334‐inoculated plants not possessing any 
efficient  gene  (only  Pl5  gene)  against  race  334  (XRQ  genotype)  presented  full  disease 
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symptoms  of  down mildew with  sporulation  (formation  of  sporangia)  on  cotyledons  and 
leaves at ~13 dpi. Inoculated plants possessing only QRM1 (RIL43 and RI88) showed a limited 




(P<0.001)  for  all  samples.  Comparisons  of  gene  expression  in  Ph710‐inoculated  and 
corresponding mock‐inoculated Genechip datasets were performed to highlight differentially 
expressed  genes  related  to  genotype  or  treatment  effect  (Bonferonni  5%  significance). 
Genes  differentially  expressed  upon  treatment  or  genotype/treatment  effects  were 
searched. Incompatible interaction and quantitative interaction categories were also looked 
up. Every category was analysed using a bioinformatic GO enrichment tool from AgriGO (Du 





the  inoculation whatever  the  genotype were  searched. 2650  and 6550  genes were  found 
differentially expressed respectively at 6 dpi and 10 dpi.  
Using AGRIGO annotation  tool, surprisingly,  the 6550 genes differentially expressed 
at  10  dpi  couldn’t  be  assembled  significantly  other  than  the  general  “cellular  process” 
(without any significantly ensued GO term) whereas the differentially expressed genes at 6 
dpi were assembled significantly to several processes (as shown  in  figure  III‐25): Metabolic 







reflect  the  status  of  a  diseased  plant  rather  than  the  process  of  resistance.  Same  results 
were obtained with pl5 background with race 710 (compatible  interaction) at 6 and 10 dpi 
(data not shown).  
This analysis  should  reveal  the  genes  involved  in basal defense against P. halstedii 
colonization in H. annuus. HuCL08168C001 and HuCL03440C002, both coding for a putatitve 
EDS1 (enhanced disease susceptibility 1), were up‐regulated in all samples for the two time‐
courses. EDS1, a  lipase‐like protein,  is  supposed  to confer  resistance  to Hyaloperonospora 
arabidopsidis  (formely  Peronospora  parasitica)  (Falk  et  al.,  1999);  it’s  essential  for 
elaboration of hypersensitive response. Another lipase‐like protein, PAD4 (HuCL13325C001), 
was up‐regulated only at 10 dpi in all samples.  It was indicated that EDS1 and PAD4 are both 





and LOX2  (lipoxygenase 2, HuDY907825) were also detected. These genes are  implicated  in 
HR establishment and defense  signaling  (Yu et al., 1998; Wanner et al., 1995; Koch et al., 
























III.C.2.c.4. General  features  of  differentially  expressed 
genes with genotype and treatment effect 
Gene  expression  profiles  of  32,423  H.  annuus  EST  were  analysed  by  calculating 






(bilateral Bonferroni  test, 5%)  for at  least one of  the eight “sunflower  inbred  line* downy 
mildew  race*date”  combinations.  To  identify patterns  in data  and  to highlight  similarities 
and differences, Principal Components Analysis (PCA) was performed on the data table with 
4069 genes as  rows, and  the 8 differences  {inoculated – non  inoculated} as columns. This 
analysis (Figure III‐26) highlights through its first principal component PC1 (68% of the global 








(respectively  recorded  in  field  inoculation  tests,  at  59.6  %  and  58,2  %  of  susceptibility 
compared to the average of four controls), do have a global pattern  intermediate between 
PSC8 {QRM1‐S,pl5,Pl2} and XRQ  {QRM1‐R, Pl5, pl2}, however more similar to PSC8 than to 
XRQ. There  is  some differences between RIL43,  closer  to PSC8,  and RIL88,  closer  to XRQ. 
These two RILs may differ by a number of genes or other genetic  factors modulating their 
responses to the race 710.  
The  angle  of  rotation  differs  according  to  the  genotypes:  XRQ  does  not  evolve 
between 6 dpi and 10 dpi, whereas the profiles of PSC8, RIL43 and RIL88 are all moving of 












Between 2423 non‐redundant AGI  IDs (Aradobidopsis Genome  Initiative  identity), 1022  IDs 
were  found  corresponding  to  metabolic  process  (GO:0008152)  and  1119  IDs  to  cellular 
process  (GO:0009987),  each  category  representing  almost  half  of  the  significant 




but had more significant GO terms  involved  like response to stress  (303  IDs, GO:0006950), 
response to chemical stimulus (289 IDs, GO:0042221), response to abiotic stimulus (207 IDs, 




























Pl5  genes  confer  resistance  against  race  710.  To  identify  differentially  expressed 
genes  in  incompatible  interaction, XRQ/710 expression profile was  investigated. However, 
XRQ  line carries Pl5  locus but also carries QRM1‐R. So we searched  for genes differentially 
expressed  in  XRQ/710  at  6  dpi  but  does  not  present  any  change  in  gene  expression  in 
RIL43/710  and  RIL88/710  to  take  out  the  QRM1‐R  effect.  Also,  the  interaction  XRQ/710 
could  be mainly  based  on  the  role  of  Pl5  and  therefore  could mask  the  effective  role  of 
QRM1‐R.  We refine our selection by selecting genes not presenting any change in PSC8/710. 
Since qualitative resistance, conferred by Pl genes, is supposed to be expressed mainly in the 
beginning of the  interaction  (Mouzeyar et al. 1993), 10 dpi was not taken  into account  for 
this background.  
  A  total  of  104  and  65  genes  were  respectively  up‐  and  down‐regulated.  Down‐
regulated genes couldn’t be grouped significantly into GO annotation by AgriGO. Figure III‐28 
represents grouped GO  terms of biological process of up‐regulated genes. The majority of 
up‐regulated  genes  (76  of  104)  are  grouped  under  response  to  (biotic)  stimulus 
(GO::0009607)  or  cell  death  (GO:0008219)  which  can  be  explained  by  the  incompatible 
interaction establishment and most genes have common GO annotation  for cell death and 
biotic  stimulus.  For  example,  genes  coding  for,  two  peroxidases  (HuCL00147C003,  an 
ascorbate peroxidase 1 and HuCL08405C001), a two chitinases ATEP3 (HuCL09243C001 and 
HuCL05701C001),  two  potential  PR‐2  (Pathogenesis  Related  2)  like  (HuCL00262C001  and 
HuCL00262C003)  were  detected.  They  are  all  related  to  defense/resistance  in  other 
plant/pathogen  interactions.  But  also  an  EDR1  (enhanced  disease  resistance  1; 
HuCL08275C001) and a CC‐NBS‐LRR disease resistance protein (HuCL15070C001) presenting 
a  putative  RPP13  (RECOGNITION  OF  PERONOSPORA  PARASITICA  13)  that  was  only  up‐
regulated in XRQ/710 at 6 dpi. RPP13 is a R‐gene that confers resistance to several isolates of 




HuCL01299C001  is another  interesting example which was detected  to be  induced  in XRQ 
sample at 6 dpi whereas  in PSC8/710, RIL43/710 and RIL88/710,  it was  induced at 10 dpi. 
This gene has a 98% sequence identity blast (E‐value=0) with a carbohydrate oxidase found 
in  sunflower  and  lettuce  to  encode  an  enzyme  having  a  broad  specificity  substrate  and 
producing, among other Reactive Oxygen Species (ROS), hydrogen peroxide (H2O2) (Custers 
et  al.,  2004).  This  ROS  production  is  well  known  as  a  plant  defense  reaction  against 











As  we  could  see,  the  incompatible  interaction  involves  several  genes  already  known  as 







III.C.2.c.6. Genes  differentially  expressed  in  QRM1‐R 
genetic background 
A  quantitative  resistance was  revealed  in  a  RIL  population  from  a  cross  between 
XRQ*PSC8. RIL43 and RIL88 were checked phenotypically to carry QRM1‐R and no known Pl 
gene. Two different RIL backgrounds were chosen in order to favour the detection of genes 
specifically  regulated  by QRM1‐R,  and  not  by  other  common  gene  alleles  present  on  the 
RILs. Genes  downstream QRM1‐R  background were  defined  as  in  differentially  expressed 
genes  in RIL43/710 and RIL88/710  interactions but presenting no differential expression  in 
PSC8/710 interaction. A total of 148 and 218 genes were found respectively up‐ and down‐
regulated. GO annotation revealed a separated biological process grouping for both classes 





processes mainly  involved  in  translation and gene expression  (Figure  III‐30).   These  results 
suggest that QRM1‐R‐controlled interaction stimulates classical defense pathways, which are 
quite  different  from  Pl5/710  interaction  (see  section  above)  but  surprisingly  also  protein 
phosphorylation  processes  (16  kinase  genes).  Another  noticeable  difference  from 
incompatible  interaction,  is  the  grouping  of  QRM1‐R  repressed  genes  (down‐regulated 
genes) in translation processes (70 ribosomal protein genes). 
In  up‐regulated  genes,  a  NDR1‐like  (Non  Race  Specific  Disease  Resistance  locus, 
HuCL00638C006),   a MLO12  (mildew resistance  locus O 12, HuCL02915C001), a peroxidase 
(HuCL00527C001),  a  PBS1  (AVRPPHB  SUSCEPTIBLE  1,  HuCL07714C002),  a  NSL1  (necrotic 
spotted  lesions 1, HuCL18727C001), a RIN4 (RPM  Interacting protein 4, HuCL08049C001), a 
RPS2  (Resistant  to  Pseudomonas  syringae  2,  HuCL12775C001)  and  16  different  kinase 
proteins  (HuCL02779C001,  HuCL02779C002,  HuCL05289C001,  HuCL02578C001, 
HuCL04726C001,  HuCL12927C001,  HuCL17158C001,  HuCL16459C001,  HuDY905205, 




2003).  Suprisingly  OsMlo  genes  confer  susceptibility  to  rice  blast  fungus  caused  by 
Magnaporthe grisea (Jarosch et al. 1999). NSL1 may negatively regulate cell death programs 
and defense responses: nsl1 accumulates callose and phenolic compounds  (Noutoshi et al. 
2006).    PBS1  is  a  receptor‐like  cytoplasmic  kinase  (RLCK)  which  is  cleaved  by  AvrPphB 
(cysteine protease) and the cleavage triggers RPS5‐mediated ETI against P. syringae (Shao et 
al.  2003; Ade  et  al.  2007).    RIN4  is  a  highly  conserved  protein  in  plants.  It was  found  in 
tomato, tobacco, soybean, common bean,  lettuce and several monocots  (Hou et al. 2011). 
According to the RIN4 homologs, they play important roles in PTI and/or ETI. In A. thaliana, 
AvrRpt2  targets  and  cleaves  RIN4 which  activates  RPS2  (Axtell  et  al.  2002; Mackey  et  al. 







Thus  it appears  that QRM1‐R  is activating several  important players  involved  in  the 
Effector Triggered Susceptibility (ETS) or Immunity (ETI) branch of the plant immune system 
(Jones & Dangl, 2006), or  inversely,  that QRM1‐S would not allow  their activation  . Weak 
forms  of  R‐genes  have  been  proposed  as  a  basis  for  quantitative  resistance  loci  (QRLs) 
among  several hypotheses presented by Poland et  al.  (2008),  stipulating  “that qualitative 
and quantitative disease resistance might only be two ends of a continuum” with selection 










(Embryo  Defective  1956,  HuCL13249C001),  an  EZA1  (SWINGER,  HuCL18010C001)  and  a 
transcription factor bHLH (HuCL11329C001).  
A MtN3  (Medicago  truncatula  nodulin  3, HuCL00832C001) was  also  detected.  This 
type of gene was pointed out implicated in Plant/pathogen dialog (Gamas et al. 1996). It has 



























III.C.2.c.7. Q‐RT‐PCR  analysis  of  70  H.  annus  genes 

















of  5%  (Bonferroni  test),  we  found  that  34  genes  were  differentially  regulated  due  to 
treatment effect (inoculation with P. halstedii race 710/334). Due to some missing data, time 
course  responses  over  the  entire  experiment were  available  for  27  of  them,  and  among 
these 22 genes were regulated in the same way as on Affymetrix chips. But some genes were 
also regulated  in additional conditions than those detected on Affymetrix chip. Table  III‐31 
presents  the  differentially  expressed  genes  among  the  70  selected  genes  which  were 




in  triple  interaction with dpi  (class 3);  treatment and  type effects alone and  in  interaction 
(class 4); all effects involved alone and in interaction (class 5). 
Genes  like HuCL00003C007 and HuCL00001C784 coding  respectively  for asparagine 
synthase and glycoside hydrolase showed  the  same expression profile  found by Affimetrix 
experiment,  presenting  notably  a  correct  type  effect.  In  this  category  some  genes were 
regulated  in  the same way but  in more conditions. For example, HuAJ542231 gene coding 
for  a  protein with  a  cyclic  nucleotide  binding  domain, was  detected  as  up  regulated  on 
Affymetrix chips only due  to QRM1‐R, but appears on Fluidigm data as up  regulated  in all 
genotypes. In the contrary, some genes as HuCL01603C001 coding for superoxide dismutase, 
were shown to be differently regulated compared to Affymetrix results with race 710.  
Additionally  Fluidigm  analyses  highlighted  genes  regulated  by  interaction  type  ,  time  and 
treatment  with  P.  halstedii  race:  HuCL01603C001,  HuCL00003C007  (putative  asparagin 
synthase), and HuCL00001C784  (putative glycoside hydrolase). We noticed also  that  some 
genes were similarly expressed with both races (HuAJ542231 and HuCL00003C007), whereas 
genes like HuCL0001C784 and HuCL01603C784C001 behaved differently.  








This  project  revealed  some  aspects  of  the  biological  network  of  regulated  genes 
downstream Pl5 gene (incompatible interaction) and QRM1‐R (quantitative interaction). The 
regulated  genes  are  different  between  incompatible  and  quantitative  interaction; 
Quantitative  resistance  seems  to  trigger  major  known  genes  in  resistance.  This  work 
represents an opening  to discover  the complete genetic pathway of  the  incompatible and 
quantitative resistance.    
To  complete  this  project,  two  axis must  be  followed:  (i)‐ Due  to  lack  of  time  and 
massive  available  data, we  estimate  that  not  all  information were  analysed;  thus  further 
analysis  can  be  performed  to  reveal  several  interaction  types  (for  example:  comparing 
XRQ/710 expression profile  to PSC8/710 expression profile  should  reveal  constitutive Pl5‐
(QRM1‐R)  regulated  genes).  (ii)‐  The  expression  of  interesting  genes  revealed  must  be 
followed in additional time‐course points (especially in earlier stages).  
Using microarrays analysis, we could genetically map the interesting genes to search 
colocalization possibilities with already known genetic  region  involved  in a phenotype. For 
example,  regulated  genes  in  quantitative  resistance  could  be  mapped  and  if  any  gene 
colocalize  at  QRM1  region  at  the  most  likely  position,  it  could  be  a  candidate  gene 















































arts,  technology  or  recreation.  So  crop  protection  against  epidemic  pathogens  is  a major 
resource for global food security and sustainable crop production. Among potential disease 
control, the genetic control represents the friendliest environmental control to crop disease 
which  limits pesticide applications and  reduces production costs. Breeding  for commercial 
cultivars  needs  to  take  into  account  several  targets,  beside  disease  resistance,  like 























example we  couldn’t  obtain  clean  P.  halstedii DNA  for  sequencing  apart  spores. Another 
example  will  be  the  need  to  functionally  validate  potential  effectors  by  transformation. 
















very promising  results  (Q. Gascuel, Master 2 Research  Internship). So  functional  role of P. 
halstedii  potential  effectors  are  currently  under  study.    As  presented  in  the  Chapter  1, 
expression  of  8 putative  effectors  genes  in planta were monitored on  larger  set of  time‐
course (3, 6, 10 and 14 dpi) and after inoculation with race 710 and 334. It confirmed their in 
planta expression by P. halstedii with significant differences detected with race, dpi and type 
interaction effects.  Some other effectors not mentioned  in  the  article were also  analysed 
giving similar results (Q. Gascuel, Master 2 Research Internship). 
This work  led  to  initiate  several projects  such as  the whole genome of P. halstedii 
sequencing (race 710). 15 CRN‐like effectors and 5 RXLR‐like effectors were characterized in 
this work. A deeper  sequencing and  less  stringent PSI‐BLAST  filter  could  reveal  the whole 
repertoire of RXLR and CRN effectors. Using  the new  sequencing data  from Delmotte and 
collaborators,  66  CRN  and  14  RXLR  were  found  by  PSIBLAST.  Since  RXLRs  were  more 
abundant  in  other  species  compared  to  CRNs,  this  information  must  be  investigated  to 
confirm  and  reveal  the  difference  observed  between  oomycete  species  concerning  the 
abundance of RXLRs and CRNs. Further studies on genome organisation should be made to 
reveal the potential dynamism in P. halstedii genome.  
Beside  of  the  functional  characterization  of  those  effectors,  the  availability  of  this 
information could finally resolve the ubiquity around races and deliver a more precise (but 
certainly  complex)  characterization  of  P.  halstedii  isolates:  Polymorphism  for  those 
discovered effectors was searched between 4 different races of P. halstedii. Extending these 
polymorphism detections  to  the collection of  races which have been collected around  the 




(human  introduction or natural variation under  selection pressure). Also,  this  should  shed 





in  using  454  pyrosequencing  techniques  in  plants  (especially  sunflower)  and  with  cDNA 
materials. First sequencing results presented short read  length and  low coverage which  led 
us to do more sequencing and try to investigate the cause. Sequencing cDNA material by 454 
seems to give another result profil than genomic DNA material.  . This was verified on other 
organisms  under  sequencing  (personal  communication  M.C.  Lepaslier).  Another  possible 
cause was the high occurrence of repetitive sequences  in sunflower genomes, but also the 
sequencing kit used for this experiment, since with the new sequencing kit “Titanium” yield 
was  improved.  This matter  delayed  the  project  several months  in  addition  of  the  delay 
between cDNA production and sequencing run due to the waiting list at CNG.  
 
IV.B. Fine mapping  of QRM1,  an Helianthus  annuus QTL  conferring 
quantitative  disease  resistance  to  downy  mildew  caused  by  the 




of British Columbia) and  co.  in 2009, and  funded by GenomeCanada, Genome BC,  the US 
Departments  of  Energy  and  Agriculture,  and  France's  National  Institute  for  Agricultural 





The  sunflower  genome will  provide  a  reference  genome  for  over  24,000  species  of  the 
Compositae  family.  It  will  also  permit  to  identify  genes  responsible  for  several  traits  of 
interest  for breeding  in  sunflower: drought  resistance, oil  seed  content, wood  formation, 
seed dormancy... This can be a major breakdown in the genetic and genomics of sunflower. 
The advances brought by this project can be used to the fine mapping of QRM1 and further 
more  to  identify  the  responsible QTN  (quantitative  trait nucleotide) by positional  cloning. 
Our team actually made an attempt to use the first genomic DNA scaffolds together with a 
first physical map to bridge the three BAC contigs surrounding QRM1, but this attempt was 
not  successful  due  to  the  presence  of  gap  regions  in  the  sequencing.  As  the  work  is 
progressing,  the  size  of  the  scaffolds  is  becoming  much  longer,  and  we  can  reasonably 
expect more success within the next year  
















Due  to  the  recent  constitution  of  the  Sunflower  team  in  LIPM,  several  tools were 
lacking  to  perform many  experiments. Growth  chamber  under  confinement were  one  of 
these.   Microscopic characterization was  the exception as  the  tools were available  for  this 
part. LIPM  team developed a  strong know‐how  (kind collaboration with Ton Timmers and 
Olivier  Catrice)  and  we  also  benefite  from  the  support  of  FR3450  (formely  IFR40)  with 
presented  the  necessary  equipments with  helpful  personal  (Alain  Jauneau).  Since  downy 
mildew manipulation  is  subject  to  regulations, working was  restricted  to available growth 
chambers  at  INRA  Clermont‐Ferrand  (with  our  partners  Felicity  Vear,  Sylvie  Roche, Denis 
Tourvieille, Pascal Walser and Frederic Serre) and at the SNES Angers with the collaboration 
of Valérie Grimaut and Sophie Perrot. Occasionally and under strict conditions, SP2‐ENSAT 










IV.C. Transcriptome  analysis  of  qualitative  and  quantitative 
resistance  during  Helianthus  annuus/Plasmopara  halstedii 
interaction  
IV.C.1. Scientific considerations 
In  this axis, we searched, by  in silico  filtering,  for  the  induced and  repressed genes 
involved  in  incompatible  and  quantitative  resistance.  Initially,  we  particularly  aimed  to 
identify  candidate  genes  underlying  QRM1.  Some  of  the  genes  specifically  induced  or 
repressed  under  QRM1  had  intriguing  profiles,  like  the  MLO12,  RIN4,  NSL1  and  RPS2 
homologs.  The  first  attempts  to  validate  their profiles  through quantitative RT‐PCR didn’t 







as well  as  the  response  of  the  plant  to  the  diseased  status.  This work  could  lead  to  the 
discovery of potential  causal and  consequential  relationships  to  reconstruct  the biological 
gene network of Pl5 and QRM1 conferred resistances. By completing this project we will also 
have  complementary  considerations  concerning  the difference  in  the genetic pathways of 
establishement of defense and  resistance  in crop plants compared  to model plants: speed 
induction  of  important  genes,  potential  supplementary  pathway....The  large  dataset  we 
obtained has probably not been analyzed in depth enough to answer such questions, by lack 
of time.  
Among  the  32,423  genes  of  the  Affymetrix  chip,  only  12.5%  were  differently 















‐ Fluidigm  technique  permitted  to  perform  high  number  of  Q‐RT‐PCR  (96  primer 
couples * 96 different cDNA samples) in one experiment.  






IV.D. How  to  exploit  this  quantitative  resistance  in  commercial 
cultivars? 
Through  a  continuous  effort,  sunflower breeders  already  access  to  several  genetic 
resources allowing them to introduce Pl loci into the commercial hybrids and thus  bringing 
solutions  vis‐à‐vis  the downy mildew  conferred by P. halstedii. New  germplasm has been 
identified  by  INRA  teams  in  wild  or  cultivated  accessions  (PROMOSOL  projects).  They 
represent  potential  backup  for  the  future.  In  this  context,  why  do  we  need  other  type 
resistance  to  be  used  in  sunflower  cultivation?  Since  both  partners,  sunflower  and  P. 





with  Dm  genes  in  the  interaction  of  Lactuca  sativa/  Bremia  lactucae  (downy  mildew  of 
lettuce). To avoid this situation, alternative strategies must be employed.  
Paloix  and  al. 2009  investigated  the durability of qualitative  resistance  considering 
the  genetic  background with  or without  quantitative  resistance  (3  QTLs).  This  issue was 
investigated in Pepper/ potyvirus pathosystem and it is considered as the first experimental 
study  to  confirm  two  hypotheses:    i)  the  greater  the  number  of  resistance  factors  to 
breakdown,  the  greater  the  number  of  virulence  mutations  required  in  the  pathogen 
genome  and  the  less  probable  their  occurrence;  ii)  and  the  selection  pressure  owing  to 
quantitative  resistance  factors  is  lower  than  that of major genes and does not permit  the 
emergence  of  virulent mutants  from  the  pathogen  population.  Several  conclusions were 
made: The most durable  resistance genes are  those  that  require multiple mutations  from 
the  pathogen  for  virulence,  with  mutations  causing  the  highest  fitness  penalty.  Fitness 
penalty  determined  as  the  level  of  pressure  imposed  to  the  pathogen  to  overcome  the 
resistance  gene  (Leach  et  al.  2001).  This  conclusion  was  supported  by  a  step‐by‐step 
selection  for  virulence  operated  within  pathogen  genome,  leading  to  a  multivirulent 
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pathogen genotypes. That’s why authors  conclude  that breeding  for durable  resistance  in 
modern  cultivars  should promote  the  selection  for major  resistance  factors  together with 
the appropriate genetic background.  












are  often  looking  for  controlled  environmental  conditions  and  for  a  phenotypic  grid  as 
simple as possible, with a  limited number of phenotype classes, and when possible only two 
classes:  diseased  and  non  diseased  plants.  In  the  case  of  {sunflower,downy  mildew} 




which  is  based  on  secondary  infection  of  plantlets,  aiming  to  mimic  under  controlled 















the  dead  host  cells whereas  biotrophic  pathogens  colonize  living  plant  tissue  and  obtain 
nutrients from living host cells. Faced to these various pathogens, the plants have to develop 
different weaponries  to  survive. Qualitative  resistance,  generally,  activates  hypersensitive 
reaction (HR) which will trigger the programmed cell death (PCD). Therefore if necrotrophic 
pathogen  manage  to  activate  HR  in  the  plant,  this  resistance  reaction  will  be  not  only 
































































































































































































































































































































































































































































































































































































































































































































annuus). Pl genes  conferring  full, qualitative  resistance were discovered and extensively  spread  in 
cultivars.  They  appeared  as  race‐specific  and  were  progressively  overcome  due  to  the  selection 
pressure on the pathogen. Thus since 10 years we are witnessing an increase of P. halstedii races in 
the fields. Quantitative resistance was found by Tourvieille et al. (2008) and proposed as a solution to 
counter  the  rapid evolution of  the pathogen. Two QTLs were detected at  LG10 and  LG8    in a RIL 
population  from  XRQ*PSC8  by  Vear  et  al.  (2008). With  the  aim  to  improve  the  sustainability  of 
sunflower resistance  in gathering knowledge on several aspects of  the plant*pathogen  interaction, 
the objectives of  this  thesis are  (i) on  the pathogen side,  to better characterize   P. halstedii at  the 
genetic and genomic level, (ii) on the plant side, to obtain a fine mapping of the main QTL located on 
LG10  (QRM1)  and  (iii)  to  compare  the  Pl5  gene  and  QRM1‐R  dependent  genetic  pathways  by 
transcriptomic analysis. The first high‐throughput sequencing was performed on  infected sunflower 
which  increased  the  available  genomic  resources  of  P.  halstedii  and  highlighted  first  putative 
effectors RXLR and CRN of P. halstedii. On the plant side, we performed a fine mapping of QRM1: a 
new BAC  library was built and screened  to set up a preliminary physical map of  the QRM1 region; 
genetic map of LG10 was enriched with BAC derived markers and a phenotyping method to mimic 
the quantitative  resistance  in controlled environment was validated and used  to phenotype newly 
constructed  RILs.  The  QRM1  region  was  restricted  to  1.5  cM.  Using  Sunflower  Affymetrix  chip, 















Approches  génétiques et  génomiques  vers une meilleur durabilité de  la  résistance du  tournesol 
Helianthus annuus contre le mildiou Plasmopara halstedii 
Le mildiou du tournesol, causé by P. halstedii, est une des maladies les plus dévastatrice de la 
culture  de  tournesol  (Helianthus  annuus).  Les  gènes  Pl  qui  confèrent  une  résistance  totale  et 
qualitative, ont été  largement utilisés chez  les cultivars. Probablement de  type  race‐spécifique,  les 
gènes  Pl  ont  été  progressivement  dépassés  du  à  la  pression  de  sélection  imposée  sur  l’agent 
pathogène. Ainsi depuis 10 ans, on assiste à une augmentation du nombre de races de P. halstedii 
dans  les champs. La  résistance quantitative a été détectée par Tourvieille et al.  (2008) et avancée 
comme  une  solution  pour  contrer  l’évolution  rapide  de  l’agent  pathogène.  Deux  QTLs  ont  été 
détectés sur LG10 et LG8 dans une population de RILs issus d’un croissement XRQ*PSC8 par Vear et 
al.  (2008).  En  examinant  les  différents  aspects  de  l’interaction  plante‐agent  pathogène  pour 




côté plante, affiner  la  cartographie du QTL majeur  localisé  sur  LG10  (QRM1) et  (iii)  comparer, par 






avec  des marqueurs  issus  des  BACs ;  et  une  nouvelle méthode  de  phénotypage  pour  simuler  la 
résistance quantitative dans un environnement contrôlé a été validé et utilisé pour phénotyper  les 
nouvelles RILs obtenues. La région QRM1 a été réduite à 1.5 cM. En utilisant les puces Affymetrix de 
tournesol,  l’analyse  transcriptomique a  révélé plusieurs voies génétiques  régulées par  l’interaction 
incompatible (Pl5*race 710) ou l’interaction quantitative dépendante de QRM1‐R. 
Mots clés: Helianthus annuus, Plasmopara halstedii, effecteur, résistance quantitative, QRM1, Plante 
microorganismes interaction , CRN, RXLR, pyroséquençage. 
Discipline administrative: Interaction Plantes Microorganismes 
Laboratoire des Interactions Plantes Microorganismes, UMR INRA/CNRS 441/2594, Chemin de Borde 
Rouge, BP52627, Castanet‐Tolosan Cedex, France.  
 
